AL/CF-TR-1994-0183 


mm 


ANTHROPOMORPHIC  CUTANEOUS  TACTILE  SENSING 
ON  DEXTEROUS  MECHANICAL  HANDS 


Allen  R.  Grahn 

BONNEVILLE  SCIENTIFIC,  INC. 
1849  W.  NO.  TEMPLE,  BLDG.  E 
SALT  LAKE  CITY,  UT  84116 


ELECTEfl 

sepo 


AUGUST  1994  | 


cn 


FINAL  REPORT  FOR  THE  PERIOD  JANUARY  1991  TO  JUNE  1994 


Approved  for  public  release;  distribution  is  unlimited 


AIR  FORCE  MATERIEL  COMMAND 
WRIGHT-PATTERSON  AIR  FORCE  BASE,  OHIO  45433-7901 


THIS  DOCUMENT  IS  BEST 
QUALITY  AVAILABLE.  THE  COPY 
FURNISHED  TO  DUC  CONTAINED 
A  SIGNIFICANT  NUMBER  OF 
PAGES  WHICH  DO  NOT 
REPRODUCE  LEGIBLY. 


NOTICE 


When  US  Government  drawings,  specifications,  or  other  data  are 
used  for  any  purpose  other  than  a  definitely  related  Government 
procurement  operation,  the  Government  thereby  incurs  no 
responsibility  nor  any  obligation  whatsoever,  and  the  fact  that 
the  Government  may  have  formulated,  furnished,  or  in  any  way 
supplied  the  said  drawings,  specifications,  or  other  data,  is  not 
to  be  regarded  by  implication  or  otherwise,  as  in  any  manner, 
licensing  the  holder  or  any  other  person  or  corporation,  or 
conveying  any  rights  or  permission  to  manufacture,  use  or  sell 
any  patented  invention  that  may  in  any  way  be  related  thereto. 

Please  do  not  request  copies  of  this  report  from  the  Armstrong 
Laboratory.  Additional  copies  may  be  purchased  from: 

National  Technical  Information  Service 
5285  Port  Royal  Road 
Springfield  VA  22161 

Federal  Government  agencies  and  their  contractors  registered  with 
Defense  Technical  Information  Center  should  direct  requests  for 
copies  of  this  report  to: 

Defense  Technical  Information  Center 
Cameron  Station 
Alexandria  VA  22314 

TECHNICAL  REVIEW  AND  APPROVAL 

AL/CF-TR-1994- 01 83 

DISCLAIMER 

This  Technical  Report  is  published  as  received  and  has  not  been 
edited  by  the  technical  editing  staff  of  the  Armstrong 
Laboratory . 

This  report  has  been  reviewed  by  the  Office  of  Public  Affairs 
(PA)  and  is  releasable  to  the  National  Technical  Information 
Service  (NTIS) .  At  NTIS,  it  will  be  available  to  the  general 
public,  including  foreign  nations. 

This  technical  report  has  been  reviewed  and  is  approved  for 
publication. 


FOR  THE  COMMANDER 


THOMAS  J.  MOORE,  Chief 

Biodynamics  and  Biocommunications  Division 
Crew  Systems  Directorate 
Armstrong  Laboratory 


REPORT  DOCUMENTATION  PAGE 


Form  Approved 
0MB  No.  0704-0188 


Public  reoortinq  burden  for  this  collection  of  information  is  estimated  to  average  1  hour  per  response,  including  the  time  for  reviewing  instructions,  searching  existing  data  source, 
aatherinq  and  maintaining  the  data  needed,  and  completing  and  reviewing  the  collection  of  information.  Send  comments  regarding  this  burden  estimate  or  any  other  asMct  of  this 
collection  of  information,  including  suggestions  for  reducing  this  burden,  to  Washington  Headquarters  Services,  Directorate  for  Information  Operations  and  Reports,  1215  Jefferson 
Davis  Highway  Suite  1204  Arlington.  VA  22202-4302.  and  to  the  Office  of  Management  and  Budget,  Paperwork  Reduction  Project  (0704-0188),  Washington,  DC  20503- 


1.  AGENCY  USE  ONLY  (Leave  blank)  2.  REPORT  DATE 

August  1994 _ 


4.  TITLE  AND  SUBTITLE 

Anthropomorphic  Cutaneous  Tactile  Sensing  on  Dexterous 
Mechanical  Hands 


6.  AUTHOR(S) 

Allen  R.  Grahn 


3.  REPORT  TYPE  AND  DATES  COVERED 

FINAL  -  JANUARY  1991  -  JUNE  1994 


5.  FUNDING  NUMBERS 

c  .  F41624-91-C-6001 
PE  -  65502F 
PR  -  3005 
TA  -  B2 
WU  -  04 


7.  PERFORMING  ORGANIZATION  NAME(S)  AND  ADDRESS(ES) 

Bonneville  Scientific,  Inc. 

1849  W.  No.  Temple,  Bldg.  E 
Salt  Lake  City,  UT  84116 


8.  PERFORMING  ORGANIZATION 
REPORT  NUMBER 


9.  SPONSORING /MONITORING  AGENCY  NAME(S)  AND  ADDRESS(ES) 

Armstrong  Laboratory,  Crew  Systems  Directorate 
Biodynamics  and  Biocommunications  Division 
Human  Systems  Center 
Air  Force  Materiel  Command 

Wriqht-Patterson  AFB,  OH  45433-7901  _ 


11.  SUPPLEMENTARY  NOTES 


10.  SPONSORING /MONITORING 
AGENCY  REPORT  NUMBER 


AL/CF-TR-1994-0183 


12a.  DISTRIBUTION /AVAILABILITY  STATEMENT 


Approved  for  public  release;  distribution  is  unlimited. 


12b.  DISTRIBUTION  CODE 


13.  ABSTRACT  (Maximum  200  words) 

The  goal  of  this  Phase  II  SBIR  contract  was  to  1)  design,  fabricate  and  install 
ultrasonical ly-based  tactile  sensors  and  their  associated  cables  on  the  Utah/MIT 
Dextrous  Hand  (UMDH)  supplied  by  the  Air  Force,  2)  develop  compact _ tacti 1 e  sensor 
support  electronics  for  mounting  locally,  near  the  sensors,  3)  design,  construct  and 
test  a  microprocessor  subsystem  for  operating  the  sensors,  4)  interface  the  micro¬ 
processor  subsystem  to  a  host  Sun  workstation,  and  5)  write  software  for  controlling 
the  tactile  sensors  and  displaying  "raw"  sensor  data. 

Planar  and  wrap-around  arrays  were  installed  on  all  three  digit  segments  of  the 
thumb  and  index  fingers,  and  on  the  finger-tips  of  the  remaining  two  digits 
(although  these  were  not  connected  to  the  electronics).  The  sensors  were  designed 
so  that  they  could  be  removed  with  minimal  risk  of  damage  in  order  to  replace 
tendons  in  the  digits. 


14.  SUBJECT  TERMS 

tactile  sensing 


robotics 


dexterous  hands 


15.  NUMBER  OF  PAGES 

200 


16.  PRICE  CODE 


17.  SECURITY  CLASSIFICATION  18.  SECURITY  CLASSIFICATION  19.  SECURITY  CLASSIFICATION  20.  LIMITATION  OF  ABSTRACT 
OF  REPORT  OF  THIS  PAGE  OF  ABSTRACT 

UNCLASSIFIED  iiwri  Q^ciTFirn  UNCLASSIFIED  UL 


'NSN  7540-01-280-5500 


UNCLASSIFIED 


UNCLASSIFIED 


1 


Standard  Form  298  (Rev.  2-89) 

Prescribed  by  ANSI  Std,  Z39-18 
298-102 


This  page  intentionally  left  blank. 


TABLE  OF  CONTENTS 


TABLE  OF  CONTENTS  .  iii 

INTRODUCTION .  1 

SUMMARY .  I 

PREFACE  .  2 

METHODS,  ASSUMPTIONS,  PROCEDURES,  RESULTS  AND  DISCUSSION  ....  3 

Kick-Off  Meeting  and  Ensuing  Tasks .  3 

Objective  1— Tactile  Sensor  Design,  Fabrication,  Installation,  and  Test .  3 

Task  1 --Tactile  Sensor  Design .  3 

Task  2— Tactile  Array  Patterns  by  Screening . 7 

Task  3— Sensor  Coverings .  ^ 

Task  4“Embedded  Reflectors .  14 

Task  5— Sensor  Construction .  1^ 

Task  6“Sensor  Installation . .  •  •  18 

Task  7— Sensor  Evaluation  . 21 

Objective  2— Sensor  Interconnect  and  Cable  Routing .  24 

Task  1  “Measure  Relevant  Finger  Dimensions . 24 

Task  2--Determine  Cable  Geometry  and  Dimensions .  24 

Task  3--Determine  Gable  Routing . 27 

Task  4--Determine  Method  for  Cable  Flexing .  27 

Task  5— Test  Flex  Method  . . . . . .  •  •  27 

Task  6--Design  Gables .  27 

Task  7--Fabricate  Cables  .  30 

Objective  3--Tactile  Sensor  System  Electronics  . 31 

Introduction  .  31 

Task  1  “Increase  Addressing  Capability  .  31 

Task  2— Receiving  Multiplexing .  31 

Task  3— Transmitting  Multiplexing . 33 

Task  4— Interface  Board  Address .  38 

Task  5— Increase  Receiver  Gain . 38 

Test  Fixture  .  39 

Junction  Box .  42 

Task  6— Install  in  Existing  Electronics .  44 

Task  7— Test  and  Debug  Electronics  .  44 

Documentation .  44 

Objective  4— Tactile  Sensor  System  Software .  44 

Hardware .  45 

Software .  46 

Documentation .  47 

Objective  5— Tactile  Sensor  System  Evaluation  .  47 


111 


CONTRACT  MODinCATION 
CONTRACT  EXTENSION  .  . 

CONCLUSIONS  . 

RECOMMENDATIONS . 

BIBUOGRAPHY . 

APPENDICES  . 


Accesion  For 

ntis  cra&i  ^ 

DTIC  TAB  □ 

Unannounced  □ 

Justification  _ _ — 

By 

Die 

itribution  / 

Availability  Codes  i 

Dist 

/}-/ 

Avail  a 
Spe 

nd  /  or  1 
dal  i 

lJ 

48 

48 

48 

49 

50 

51 


IV 


LIST  OF  HGURES 


Figure  Page 

1  Tactile  Sensor  Arrays  for  the  Three  Finger  Segments . 5 

2  Tactile  Sensor  Arrays  for  the  Three  Finger  Segments . 6 

3  Geometry  of  Redesigned  Tactile  Sensors . 8 

4  Force  vs  Displacement  Characteristics  for  Skinflex  III  and 

Ciba-Geigy  Rubber . 10 

5  Rubber  Compression  Characteristics  for  25%  Compression  at  Peak  Force 

Without  2-Minute  Hold  . 12 

6  Rubber  Compression  Characteristics  for  25%  Compression  with  2-Minute 

Hold  at  Peak  Force . 13 

7  Shape  of  Metal  Bases  for  the  Tactile  Sensors . 19 

8  Tactile  Image  of  a  Round  Bar  Placed  Across  the  Flat  Redesigned 

Finger-Tip  Sensor . 25 

9  Tactile  Image  Produced  by  Laterally  Grasping  the  Curved  Redesigned 

Sensor  and  Pressing  the  Palmar  Array  Against  the  Lab  Bench  Top  . 26 

10  Cables  for  the  Three  Finger  Segments . 28 

11  Cable  Photomask  for  Proximal  Segment  Arrays . 29 

12  Receiving  Column  Multiplexing  Scheme . 32 

13  Schematic  for  Receiving  Column  Multiplexing  Board . 34 

14  Receiving  Multiplexer  Board  Design . 35 

15  Circuit  Board  for  14  Pulsers  . 36 

16  Sensor  Scan  Pattern . 37 

17  Component  Side  of  24-channel  Receiving  Board  . 40 

18  Component  side  of  16-channel  Excitation  Board  . 41 

19  Tactile  Image  of  a  Washer  Using  the  Test  Fixture  . 43 


v 


LIST  OF  FIGURES  (cont) 


Appendix  Page 

1  Array  Construction  and  Principle  of  Operation . 56 

2  Tactile  Sensor  with  Separate  Transmitting  and  Receiving  Layers . 56 

3  Beam  Patterns  for  Sensor  Shown  in  Figure  6 . 57 


INTRODUCTION 


SUMMARY 

This  report  covers  the  work  done  on  Phase  II  SBIR  contract  #F41624-91-C-6001, 
Anthropomorphic  Cutaneous  Tactile  Sensing  on  Dexterous  Mechanical  Hands.  The  goal  of 
this  project  was  to  1)  design,  fabricate  and  install  tactile  sensors  and  their  associated  cables  on 
the  Utah/MIT  Dextrous  Hand  (UMDH)  supplied  by  the  Air  Force,  2)  develop  compact 
tactile  sensor  support  electronics  for  mounting  locally,  near  the  sensors,  3)  design,  construct 
and  test  a  microprocessor  subsystem  for  operating  the  sensors,  4)  interface  the  microprocessor 
subsystem  to  a  host  Sun  workstation,  and  5)  write  software  for  controlling  the  tactile  sensors 
and  displaying  "raw"  sensor  data. 

This  contract  consisted  of  the  original  24-month  contract  period,  followed  by  a  nine- 
month  contract  extension.  During  the  first  24  months  of  the  contract  the  following  goals  were 
achieved. 

1.  A  design  and  fabrication  technique  was  developed  for  the  tactile  sensors  which 
would  result  is  full  (i.e.,  360"  around  the  digit)  tactile  sensitivity  of  the  three 
digit  segments,  without  insensitive  areas.  This  was  achieved  by  having  ail 
electrical  connections  to  the  tactile  elements  lie  underneath  the  sensors. 

2.  The  number  of  tactile  elements  on  the  four  digits  was  increased  from  the 
proposed  value  of  2304  to  3200. 

3.  The  three  sensors  (comprising  six  tactile  arrays)  on  a  digit  were  redesigned  so 
that  they  had  separate  cables,  rather  than  all  being  interconnected  by  a  single 
cable.  This  change  tripled  the  number  of  cables  which  had  to  be  fabricated 
and  increased  the  number  of  leads  from  48  to  82  per  digit.  However, 
separating  the  cables  allows  removal  of  individual  sensors  without  damaging  the 
other  tactile  sensors  on  the  digit. 

4.  A  technique  was  developed  for  fabricating  miniature  flex-circuit  cables  for  the 
sensors  which  had  5  mil  wide  traces  and  3  mil  spaces.  These  cables  were 
0.015"  thick  and  were  comprised  of  15  layers  of  material. 

5.  Removal  bases  were  designed  and  constructed  for  the  sensors.  The  bases  were 
installed  and  secured  on  the  hand  without  the  need  for  machining  the  digit 
structures.  Their  design  allows  easy  removal  so  that  the  tendons  in  the  digit 
can  be  accessed. 

6.  Extensive  changes  were  made  to  the  proposed  sensor  electronics  which  greatly 
improved  performance.  These  changes  allowed  a  much  broader  range  of  echo 
signal  amplitude  to  be  detected  so  that  contact  with  steeply  angled  or  pointed 
objects  could  be  quantitated. 

7.  A  test  fixture  was  constructed  which  was  capable  of  scanning  a  single  tactile 
array  and  graphically  displaying  the  tactile  data.  This  device  allowed  rapid 
testing  of  the  sensors. 

8.  The  microprocessor  subsystem  for  controlling  the  sensors  was  changed  from 
dual  (68000)  processors  to  a  single,  faster  processor  (68020). 
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9.  A  Sun  workstation  was  added  for  a  "host"  computer  for  the  tactile  sensor 
system  microprocessor. 

10.  Software  was  developed  for  operating  the  tactile  sensors  and  for  transferring  the 
tactile  data  to  and  displaying  the  data  on  the  Sun  workstation. 

1 1.  Installation  of  all  twelve  tactile  sensors  on  the  UMDH. 

At  the  end  of  the  24-month  contract  period,  there  was  insufficient  time  left  for  full 
evaluation  of  the  tactile  sensor  system.  However,  very  preliminary  evaluation,  which  was 
confined  to  testing  tactile  elements  on  a  single  array,  showed  that  there  was  a  high  percentage 
of  failed  elements  or  elements  having  weak  signals  .  Furthermore,  the  circuitry  used  for 
pulsing  the  sensors  appeared  to  be  insufficient.  Measurement  of  sensor  signals  was 
complicated  by  the  high  noise  level  present  (partially  due  to  violating  the  shielding  in  order  to 
make  measurements)  and  the  difficulty  in  probing  the  very  small  electrical  contacts. 

A  nine-month  contract  extension  was  granted  in  order  to  more  fully  determine  the 
extent  and  causes  of  failures  in  the  tactile  sensors  and  then  to  decide  whether  design  changes 
could  be  made  which  would  reduce  or  eliminate  the  sources  of  sensor  failure.  If  such  designs 
could  be  conceived  and  were  deemed  sufficiently  practical,  then  a  tactile  sensor  would  be 
fabricated  based  upon  these  designs  and  evaluated. 

Successful  evaluation  of  this  sensor  would  then  lead  to  the  fabrication,  testing,  and 
installation  on  the  hand  of  additional  sensors.  Sensors  would  be  installed  in  a  prioritized 
order,  with  the  degree  of  progress  dependent  upon  the  remaining  resources  in  the  contract. 

During  the  contract  extension,  all  3200  tactile  elements  were  evaluated  and  the  sources 
of  failure  or  marginal  performance  were  identified.  The  sensors  were  redesigned  to  solve 
these  problems.  One  of  the  changes  made  in  sensor  construction  was  to  have  the  sensor 
connections  exposed  so  that  repairs  could  be  made  without  removing  the  sensors  from  the 
hand.  This  change  resulted  in  a  reduced  number  of  elements  in  each  array  and  less  than 
complete  tactile  coverage. 

A  complete  set  of  sensors  for  the  thumb  and  index  fingers,  and  finger-tip  sensors  for 
the  remaining  two  digits  were  installed  on  the  hand.  However,  only  the  thumb  and  index 
finger  sensors  were  wired  to  the  electronics.  Extensive  changes  were  made  to  the  pulser 
electronics  and  to  the  shielding  and  grounding  of  the  sensor  cables.  Additional  software  was 
written  for  grouping  the  tactile  sensor  data  to  correspond  to  the  location  on  the  array  giving 
rise  to  the  data.  This  primitive  display  was  used  in  verifying  operation  of  the  sensors. 

Resources  did  not  allow  the  installation  of  the  medial  and  proximal  sensor  arrays  on 
the  middle  and  ring  fingers  or  their  connection  to  the  sensor  electronics. 


PREFACE 

This  report  covers  the  work  done  on  Phase  II  SBIR  contract  #F41 624-9  l-G-6001, 
Anthropomorphic  Cutaneous  Tactile  Sensing  on  De.xterous  Mechanical  Hands.  The  original 
contract  was  for  a  24-month  period.  During  this  time  tactile  sensors  were  fabricated  and 
installed  on  the  Utah/MIT  Dextrous  Hand  supplied  by  the  Air  Force.  Though  previously 
tested,  these  sensors  had  a  large  number  of  failures  after  installation  on  the  hand.  A  nine- 
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month  contract  extension  was  obtained  in  order  to  better  determine  the  nature  and  cause  of 
the  failures  and  to  remanufacture  and  install  the  tactile  sensors. 

Work  conducted  under  this  contract  is  presented  chronologically  under  the  various 
objectives  and  tasks.  In  an  attempt  to  avoid  confusion,  work  performed  during  the  contract 
extension  period  is  delineated  through  out  this  report  by  dashed  lines  at  the  beginning  and  the 
end  of  the  text. 

An  explanation  of  the  ultrasonic  sensing  technology  used  in  the  tactile  sensors  is  given 
in  Appendix  0. 


METHODS,  ASSUMPTIONS,  PROCEDURES,  RESULTS 

AND  DISCUSSION 

Kick-Off  Meeting  and  Ensuing  Tasks 

A  "kick-off"  meeting  was  held  at  Bonneville  Scientific  on  25  February  1991.  During 
that  meeting,  the  Air  Force  expressed  its  desire  to  house  the  computer  boards  which  operate 
their  dexterous  hand  in  the  same  enclosure  as  the  one  Bonneville  was  to  provide  for  the  tactile 
sensor  system  computers.  Since  the  hand's  computer  boards  communicate  over  the  common 
bus  in  the  enclosure,  the  Air  Force  stated  that  it  would  be  impractical  for  our  tactile  sensor 
computers  to  communicate  with  their  respective  interface  boards  over  this  same  bus. 
Consequently,  it  was  agreed  that  Bonneville  would  conduct  a  trade  study  to  determine 
whether  a  computer  was  available  for  the  tactile  sensor  system  that  had  a  built-in  parallel 
interfacing  capability  to  eliminate  using  the  bus  for  this  function.  The  Air  Force  also  wanted 
the  tactile  sensor  system  to  operate  somewhat  autonomously,  accepting  commands  from,  and 
sending  data  to  the  Sun  workstation  over  the  VME  bus  in  conjunction  with  a  bus  coupler. 

Along  with  the  above  trade  study,  Bonneville  was  requested  to  estimate  the  cost  of 
developing  software  for  the  new  tactile  sensor  system  microcomputer  that  would  allow  the 
computer  to  1)  operate  the  tactile  sensors,  2)  communicate  with  the  bus  coupler,  3)  provide  a 
debug  and  system  checkout  mode,  and  4)  extract  specific  information  from  the  tactile  data. 
Both  the  results  of  the  trade  study  and  the  estimate  of  the  software  development  costs  are 
presented  in  Appendix  1  of  this  report. 

Objective  1— Tactile  Sensor  Design.  Fabrication.  Installation,  and  Test 

Task  1— Tactile  Sensor  Design 

We  began  this  task  by  taking  approximate  finger  dimensions  from  assembly  drawings 
supplied  by  the  Air  Force.  These  drawings  were  not  to  scale.  With  these  measurements,  we 
developed  a  preliminary  layout  for  the  sensor  and  cable  connections.  Bonneville  conceived  of 
an  innovative  casting  procedure  for  making  molds  of  the  finger  so  that  mold  dimensions  could 
then  be  accurately  measured  to  obtain  finger  dimensions.  However,  when  the  finger  itself  was 
received  from  the  Air  Force,  it  was  supplied  with  the  rubber  coverings  for  the  three  finger 
segments.  We  were  able  to  determine  finger  surface  geometry  in  the  tactile  sensor  regions 
from  casts  made  of  the  cavities  in  these  coverings.  These  casts  along  with  direct  finger 
measurements  provided  a  starting  point  from  which  modifications  were  made  to  accommodate 
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the  tactile  sensor  structures  and  cabling.  These  measurements  were  entered  into  our  CAD 
system  to  facilitate  the  design  process. 

In  the  past,  Bonneville  Scientific  has  increased  the  sensitivity  of  its  tactile  sensors  by 
using  multiple  layers  of  PVDF  which  are  made  from  a  single  sheet  of  PVDF  that  is  folded 
over  and  creased.  PVDF  metalization  at  or  in  the  vicinity  of  these  creases  would  occasionally 
fail.  Furthermore,  this  technique  is  difficult  to  use  for  tapered  arrays.  From  another  project, 
Bonneville  had  developed  a  method  of  electrically  interconnecting  the  electrodes  on  different 
sheets  of  PVDF  without  using  folds.  The  preliminary  tactile  sensor  designs  for  the  finger  were 
redesigned  for  use  with  this  technique. 

At  the  request  of  the  Air  Force,  Bonneville  Scientific  greatly  increased  the  number  of 
tactile  elements  in  the  arrays  from  the  proposed  number  of  576  elements  per  digit.  Figure  1 
shows  a  preliminary  design  of  the  tactile  sensor  arrays.  It  is  a  scale  drawing  of  the  arrays  for 
all  three  finger  segments.  The  horizontal  dark  stripe  in  Figure  1  represents  the  array  cables 
and  exits  from  the  wrap-around  array  at  the  top  on  each  finger  segment.  The  three  planar 
arrays  are  the  one  "key-hole”  and  two  trapezoidal  shaped  regions  beneath  the  wrap-around 
sensors.  The  key-hole  shaped  array  on  the  finger  tip  is  not  entirely  planar,  but  rather  curves 
upward  at  its  rounded  end  to  meet  the  edge  of  the  wrap-around  sensor. 

Since  the  design  of  the  tactile  arrays  shown  in  Figure  1  was  made,  the  actual  number 
of  elements  in  each  array  was  reduced.  This  change  was  made  so  that  the  elements  in  the 
finger-tip  arrays  would  not  be  so  small  that  their  ultrasonic  sensitivity  would  be  insufficient.  It 
was  also  reduced  so  as  not  to  grossly  exceed  the  capacity  of  the  proposed  number  of 
multiplexing  channels.  In  the  revised  design  there  are  800  tactile  elements  per  digit,  rather 
than  the  proposed  number  of  576.  The  finger-tip  segment  has  200  tactile  elements  versus  the 
192  proposed.  More  significantly,  in  the  middle  and  basal  or  proximal  finger  segments  there 
are  264  versus  192  elements,  and  336  versus  192  elements,  respectively.  Figure  2  shows  this 
tactile  sensor  design.  The  scale  factor  in  Figure  2  is  2:1. 


Sensor  Design  Changes  to  Reduce  Failures.  After  the  extensive  sensor  testing 
performed  during  the  first  three  months  of  the  contract  extension  (Task  7  of  this  objective), 
the  tactile  arrays  were  redesigned. 

The  largest  cause  of  sensor  failure  was  due  to  folding  over  the  PVDF  layers  in  order  to 
bring  the  connections  to  the  cable  underneath  the  sensor.  This  procedure  was  used  so  that 
the  sensors  would  provide  full  360  degree  coverage  with  no  dead  regions.  It  was  concluded 
that  folding  of  the  PVDF  could  be  eliminated  by  instead  folding  over  a  Kapton  flex-circuit 
having  the  appropriate  lead  configuration  and  bonding  pads  for  connecting  to  the  cable  and 
the  PVDF.  This  approach  has  been  very  successfully  used  in  our  planar  16  x  16  tactile 
sensor.  However,  in  order  to  provide  room  for  connection  to  the  PVDF  metalization,  some 
rows  and  columns  of  the  array  would  have  to  be  eliminated. 

Another  significant  cause  of  sensor  failure  was  scratching  of  the  exposed  metalized 
columns  on  the  outer  PVDF  layer.  Our  solution  to  this  problem  was  to  cover  this  layer  with 
another  PVDF  layer  with  its  ground  plane  exposed.  Because  of  its  large  area,  small  scratches 
through  the  ground  plane  metalization  would  not  reduce  sensor  performance.  Moreover,  the 
additional  PVDF  layer  used  in  transmitting  would  significantly  increase  the  echo  signal. 
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Figure  1 .  Tactile  sensor  arrays  for  the  three  finger  segments. 


However,  this  would  also  mean  that  the  pulser  electronics  used  to  excite  the  PVDF  would 
now  have  to  be  capable  of  driving  this  additional  capacitive  load. 

The  two  arrays  comprising  the  finger-tip  sensor  were  redesigned  to  incorporate  the 
Kapton  flex-circuit  between  the  PVDF  and  the  sensor  cable,  and  the  additional  PVDF  layer 
for  transmitting.  It  was  concluded  that  the  arrays  for  this  digit  segment  would  be  the  most 
demanding  because  both  arrays  are  curved,  the  radii  of  curvature  are  the  smallest,  and  there 
is  the  least  space  available  for  connections.  A  major  goal  of  the  redesign  was  to  have  the  new 
arrays  be  compatible  with  the  e.xisting  flex  circuit  cables.  The  redesigned  sensor  had  120 
elements  rather  than  the  original  number  of  196.  Rows  zmd  columns  were  removed  to 
provide  space  for  bonding  pads  on  the  PVDF. 

The  sensors  and  interconnecting  Kapton  flex-circuit  connectors  for  the  remaining  two 
digit  segments  were  also  redesigned  in  a  similar  fashion.  These  sensors  also  will  use  the 
existing  sensor  cables.  Figure  3  shows  a  scale  CAD  drawing  for  all  three  tactile  sensors  (six 
tactile  arrays). 


Task  2-Tactile  Array  Patterns  bv  Screening 

Bonneville  proposed  investigating  the  application  of  electrically  conductive  inks  onto 
unmetalized  PVDF  to  form  the  array  patterns.  Since  these  inks  are  available  in  formulations 
that  result  in  a  high  degree  of  flexibility,  the  problems  with  cracking  of  the  PVDF  metalization 
when  it  is  folded  should  be  eliminated. 

Several  small,  single-element  test  transducers  were  fabricated  using  conductive  ink 
electrodes.  Examination  after  fabrication  indicated  no  signs  of  cracking  in  the  electrode 
material.  These  transducers  were  connected  to  a  test  box  which  pulsed  the  transducer  and 
amplified  the  echo  signal.  The  echo  was  displayed  on  an  oscilloscope  screen  for  analysis. 

The  total  thickness  of  the  ink  layers  in  the  multiple  layer  transducers  resulted  in  echo  signals 
that  were  weak  and  consisted  of  several  oscillatory  cycles.  These  oscillations  would  make 
detection  of  time  of  flight  unreliable.  In  light  of  this  finding  and  the  availability  of  the 
technique  for  making  multi-layer  sensors  without  folding,  screening  was  not  used  to  produce 
the  array  patterns. 

Task  3— Sensor  Coverings 

Originally  we  had  planned  on  using  the  rubber  coverings  supplied  with  the  Utah/MIT 
Dextrous  Hand  (UMDH)  as  molds  for  the  new  coverings  for  the  tactile  sensors.  However, 
these  coverings  were  inaccurate  since  the  sensor  design  differs  from  the  finger  geometry. 
Specifically,  the  planar,  palmar  surfaces  were  enlarged  so  that  the  planar  tactile  sensors  would 
accommodate  more  elements. 

Therefore,  molds  for  the  coverings  were  made  by  first  constructing  metal  bases  for  the 
arrays.  Next,  1/8"  thick  pieces  of  silicone  rubber  were  bonded  to  the  bases  and  trimmed  to 
approximate  the  desired  shape  of  the  coverings.  This  mock-up  was  used  to  make  a  mold. 

After  removing  the  mock-up  from  the  mold,  casting  wax  was  melted  and  poured  in  the  mold. 
The  resulting  wax  form  was  augmented  with  wax,  where  necessary,  and  smoothed.  A  mold  of 
this  wax  form  was  then  made  for  use  in  casting  the  rubber  sensor  coverings. 
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Early  in  the  contract  period  Bonneville  identified  a  three-component  urethane 
elastomer  system  for  use  in  the  tactile  sensor  rubber  coverings.  Besides  just  the  resin  and 
catalyst  of  conventional  two-component  systems,  a  plasticizer  agent  was  used  for  varying  the 
durometer  of  the  formulation.  This  urethane  compound  was  to  be  formulated  in  different 
durometers  in  order  to  provide  differing  tactile  sensitivity  for  various  locations  on  the  fingers. 
Bonneville  had  used  this  rubber  material  previously  with  good  results.  We  also  identified 
suitable  mold-release  agents  for  use  in  casting  the  sensor  coverings. 

However,  it  was  discovered  about  half-way  through  the  contract  period  that  the 
plasticizer  used  in  this  rubber  formulation  slowly  leached  out  of  the  rubber.  The  immediate 
consequence  of  this  was  that  the  Poron®  layer  used  over  the  coverings  to  provide  a  known 
reflecting  interface  would  be  slowly  degraded.  A  longer-term  consequence  was  that  the  rubber 
would  shrink  and  become  harder.  This  was  evident  in  a  three-year-old  tactile  sensor  pad 
made  from  this  formulation.  Several  suggestions  made  by  the  manufacturer  of  the  rubber 
either  failed  to  solve  the  problem  or  presented  new  problems.  Consequently,  other  urethane 
formulations  were  evaluated. 

Bonneville  Scientific  began  to  investigate  different  urethane  formulations  to  find  those 
which  had  acceptable  performance  characteristics  as  well  as  compatibility  with  the  Poron® 
layer  and  other  sensor  components.  Rubber  formulations  compounded  from  ten  types  of 
urethanes  and  five  types  of  plasticizers  were  evaluated  for  (in  no  particular  order): 

1 .  Ultrasonic  attenuation 

2.  Modulus 

3.  Hysteresis 

4.  Bonding  characteristics 

5.  Strength 

6.  Pot  life 

7.  Ease  of  outgassing 

8.  Plasticizer  leaching  rate 

9.  Compatibility  with  Poron® 

The  best  formulation  found  was  based  upon  "Skinflex  IIT.  This  compound  had  less 
ultrasonic  attenuation,  better  adhesion  to  Kapton,  and  a  leaching  rate  of  the  plasticizer  of  less 
than  1/20  of  that  for  the  old  compound  (Ciba-Geigy).  The  Skinflex  compound  also  had  an 
appropriately  low  modulus  (stiffness),  high  strength,  long  pot-life  and  was  easily  outgassed. 
However,  the  hysteresis  of  Skinflex  III  was  slightly  higher. 

Figure  4  shows  the  force  versus  displacement  characteristics  for  the  Skinflex  and  Ciba- 
Geigy  rubbers.  This  is  an  extreme  test  in  that  the  respective  rubber  samples  were  compressed 
to  50%  of  their  original  thickness,  and  the  maximum  compression  was  held  for  a  two  minute 
period.  The  Skinflex  compound  also  satisfied  the  other  requirements  listed  above. 

However,  near  the  end  of  the  two-year  Phase  II  contract  period,  it  was  discovered  that 
old  Skinflex  III  samples  had  greatly  increased  hysteresis  characteristics.  This  was  thought  to 
be  due  to  hydrolysis.  After  consulting  with  several  experts  in  rubber  chemistry,  a  second 
search  for  a  suitable  rubber  focussed  on  silicone  compounds. 

Silicones  had  been  excluded  prior  to  this  time  because  past  experience  showed  that 
suitable,  soft  silicones  were  extremely  weak  and  usually  difficult  to  bond  to.  However,  we 
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were  informed  that  recent  technical  improvements  have  resulted  in  stronger  rubbers,  while 
adhesion  promoters  have  strengthened  bonds. 

After  more  formulating  and  testing,  we  selected  a  silicone  rubber  from  Huls  America. 
This  was  a  translucent  silicone  of  appropriately  low  modulus  and  high  tear  strength  which 
could  be  cast. 

Two  benefits  resulted  from  selecting  this  silicone  rubber  for  use  in  the  tactile  sensors. 
First,  its  speed-of-sound  is  about  2/3  that  of  the  urethane's.  Consequently,  the  force  sensitivity 
of  the  sensor  is  1  1/2  times  that  for  urethane.  We  concluded  that  this  increase  in  sensitivity 
made  it  unnecessary  to  consider  different  stiffness  rubbers  at  different  locations  on  the  finger. 
The  second  advantage  of  this  rubber  will  be  discussed  later. 


During  the  sensor  evaluation  task  conducted  during  the  beginning  of  the  contract 
extension,  it  was  determined  that  a  significant  number  of  tactile  elements  had  smaller  than 
normal  echoes  because  the  outer  surface  of  the  sensor's  rubber  coverings  were  grossly 
nonparallel  with  the  PVDF  layers.  We  solved  this  problem  by  constructing  the  coverings  out 
of  flat  rubber  sheets  of  uniform  thickness  and  then  wrapping  these  sheets  around  the  arrays. 

Bonneville  Scientific  also  decided  to  reduce  the  rubber  covering  thickness  by  25% 

(from  1/8"  to  3/32").  There  were  three  reasons  for  this  decision.  First,  in  switching  from  a 
urethane  compound  to  a  silicone  rubber  formulation,  the  speed  of  sound  decreased  by  about 
1/3.  This  change  in  speed  of  sound  translates  into  an  increase  in  force  sensitivity  of  about 
50%.  Therefore,  the  thinner  rubber  would  still  have  a  greater  force  sensitivity.  Second, 
thinner  rubber  reduces  the  effects  of  angulation  which  occur  when  the  outer  rubber  surface  is 
nonparallel  to  the  PVDF  layers.  Third,  originally  the  overall  thickness  of  the  sensor  covering 
was  to  be  1/8".  The  outer  layer  of  Poron®  had  not  been  planned  on.  The  Poron®  adds 
another  1/32"  to  the  thickness.  Therefore,  by  reducing  the  rubber  thickness  by  1/32",  the 
overall  covering  thickness  remains  at  the  original  target  value  of  1/8". 

The  thinner  rubber  was  characterized.  Figures  5  and  o  show  the  compressive  lorce 
versus  rubber  compression  or  displacement  for  this  rubber.  The  rubber  was  compressed  by 
25%  of  its  original  thickness  in  both  figures.  In  Fgure  5  the  material  tester  reversed  direction 
Ci.e.,  began  to  decrease  the  loading)  several  seconds  after  application  of  the  peak  load.  In 
Figure  6  the  peak  force  was  left  applied  for  2  minutes.  The  greater  hysteresis  shown  in  Figure 
6  is  due  to  stress  laxation  in  the  rubber  during  this  2  minute  holding  period. 

Although  the  rubber  curves  are  nonlinear,  a  rather  close  appro.ximation  can  be 
obtained  by  fitting  two  straight  line  segments  to  the  curve-one  for  very  low  forces,  the  other 
for  higher  forces. 

The  speed  of  sound  in  the  rubber  coverings  is  about  1000  m/sec.  This  number  must 
be  used  in  converting  the  time-of-flight  values  obtained  from  the  sensors  to  a  corresponding 
distance  Ct.e.,  sensor  rubber  covering  thickness).  This  distance  is  simply  d  =  1/2  ct,  where  c  is 
the  speed  of  sound  (1000  m/sec)  and  t  is  the  time  of  flight.  The  corresponding  force  is 
calculated  by  multiplying  the  rubber  stiffness  (e.g.,  Ibs/mm)  times  the  change  is  covering 
thickness. 
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Task  4--Emhedded  Reflectors  ^ 

We  had  planned  to  use  a  layer  of  Poron®  on  the  outer  surface  of  the  tactile  sensors 
rubber  covering  instead  of  embedding  reflectors  within  the  rubber  itself.  Poron®  is  an 
excellent  reflector  of  the  tactile  sensor's  ultrasonic  pulses  because  of  the  gases  trapped  m  the 
foam  cells.  The  large  acoustic  impedance  mismatch  between  the  sensor's  rubber  covering  and 
the  gas-filled  cells  results  in  almost  total  reflection  at  the  interface. 

This  Poron®  covering  also  has  very  attractive  physical  properties  when  used  as  a 
"skin"  on  a  dexterous  hand.  Cutkosky  [1987]  has  reported  on  the  appropriateness  of  this  and 
other  materials  for  use  on  the  gripping  surfaces  of  robotic  end-effectors.  He  found  that 
Poron®,  unlike  most  compliant  materials,  provides  a  surface  with  a  relatively  constant 
coefficient  of  friction  (close  to  that  of  human  skin)  that  changes  little  with  normal  (grasping) 
force  or  with  contamination.  Moreover,  Poron®  is  rugged.  Besides  these  advantages,  the 
installation  of  Poron®  is  simpler  than  the  proposed  embedded  reflectors.  This  covering  is  also 
easier  to  replace  than  the  rubber  sensor  covering  when  it  is  damaged. 

Tests  were  made  on  the  compatibility  of  the  Poron®  layer  with  the  original  urethane 
sensor  coverings.  Twelve  specimens  of  1/8"  thick  urethane  pieces  were  made  up.  These 
specimens  were  bonded  to  three  different  densities  of  Poron®.  All  twelve  pieces  were  then 
placed  in  a  heated  chamber  to  accelerate  possible  chemical  reactions.  These  compatibility 
tests  indicated  that  the  Poron®  was  degraded  by  the  plasticizer  used  in  formulating  the 
original  urethane  compound  chosen  for  use  in  the  sensors.  These  tests  were  not  conducted 
with  the  subsequent  urethane  rubber  (Skinflex  III)  because  of  the  very  small  amount  of 

plasticizer  used  in  that  compound.  i  •  u 

Poron®  compatibility  tests  with  the  silicone  rubber  compound  eventually  used  in  the 

sensor  coverings  were  not  conducted.  The  reasons  for  this  were  that  the  silicone  does  not 
contain  plasticizers,  and  that  this  particular  formulation  is  manufactured  for  medical  implants 
and,  therefore,  should  be  quite  stable. 

Under  another  research  contract  for  developing  a  foot-shaped  tactile  sensor  or 
monitoring  foot-force,  we  have  found  that  very  thin  sheets  of  suede-like  leather  provide  the 
same  function  as  the  Poron®  layer.  The  use  of  leather  instead  of  Poron®  is  intriguing  in  that 
suede  has  a  very  low  coefficient  of  friction  at  low  forces  (desirable  during  groping  maneuvers), 
it  is  more  resistant  to  damage  from  sharp  edges,  it  could  be  slightly  thinner;  and  being  less 
compressible  than  Poron®,  would  not  reduce  force-sensitivity  as  much. 

Ultimately,  Poron®  was  not  used  on  the  tactile  sensors.  This  decision  was  based 
upon  a  number  of  factors.  We  concluded  that  an  easily-replaced  material  would  be 
advantageous  in  that  the  coefficient  of  friction  could  be  varied,  depending  upon  the 
application,  and  the  coverings  could  be  replaced  without  risk  of  damaging  the  rubber 
coverings  or  the  underlying  transducer  structures.  A  loosely  knit  fabric  was  chosen  for  the 
outer  sensor  covering.  This  fabric  was  in  the  form  of  "tights"  for  a  child's  doll.  "Doll  tights" 
were  used  since  they  can  be  purchased  in  lengths  long  enough  to  encase  the  entire  digit  and 

are  easily  stretched  to  aid  in  donning  and  doffing. 

The  fabric  used  in  the  tights  is  both  thinner  and  produces  significantly  larger  echoes 
than  the  Poron®.  This  results  in  greater  force  sensitivity  and  greater  sensitivity  in  detecting 
points  or  edges  contacting  the  tactile  sensors. 
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However,  since  the  fabric  is  not  nearly  as  acoustically  absorbent  as  the  Poron®, 
moderately-large  multiple  echoes  occur.  These  multiple  echoes  can  result  in  erroneous 
detection  in  that  when  a  new  tactile  element  is  pulsed,  the  second  or  third  echo  from  the 
previously-pulsed  element  may  be  sufficiently  for  detection.  This  problem  can  be  solved  in 
the  tactile  sensing  system  by  slowing  down  the  scan  rate.  A  more  desirable  solution  would 
involve  changing  the  multiple-xing  scheme  used  in  the  system  by  doubling  the  nurnber  of 
pulsers  so  that  while  the  echoes  are  dying  out  in  one  bank  of  sensors,  an  element  in  the  other 

bank  is  being  excited. 

The  ultrasonic  pulses  emitted  by  the  tactile  sensors  travel  perpendicularly  from  the 
sensor  elements  with  little  or  no  dispersion.  A  consequence  of  this  is  that  there  will  be 
insignificant  amounts  of  ultrasonic  energy  at  the  edges  of  the  sensors-where  the  wrap-around 
sensors  meet  the  planar  sensors.  To  provide  tactile  sensitivity  in  these  regions,  we  thought  of 
using  small  metallic  reflectors  between  the  outer  and  inner  sensor  coverings.  These  reflectors 
would  have  been  narrow  metal  strips  approximately  the  width  of  a  tactile  element  and  would 
extend  from  an  element  on  the  outside  column  of  the  planar  array  to  the  adjacent  element  on 

the  wrap-around  sensor.  ,  i  u  u- 

However,  it  was  decided  not  to  implement  this  approach.  It  wasn  t  clear  ffi*® 

technique  would  solve  the  problem  without  introducing  other  problems  or  ambiguities. 

Instead,  we  felt  that  contact  along  an  edge  could  be  inferred  by  the  increase  in  rubber 
thickness  over  tactile  elements  adjacent  to  the  edge.  Therefore,  contact  along  the  edges  of  the 
sensors  can  be  detected  through  the  use  of  appropriate  software. 

Task  5-Sensor  Construction 

A  number  of  test  transducers  were  fabricated  and  evaluated  for  determining  the 
suitability  of  sensor  substrate  and  backing  materials.  The  sensor  substrate  is  the  matenal  to 
which  the  PVDF  is  bonded.  With  some  substrates,  the  ultrasonic  energy  radiated  from  the 
back  surface  of  the  PVDF  will  travel  all  the  way  through  the  substrate  and  into  the  material 
upon  which  the  sensor  is  mounted  (i.e.,  the  backing  or  base  material).  When  this  happens, 
the  echo  signal  is  smaller  since  not  all  of  the  ultrasonic  energy  radiated  by  the  sensor  is  in  the 
forward  direction;  and,  reverberation  can  occur,  which  can  at  least  partially  mask  the  echo 
signal.  For  these  partially  reflecting  substrate  materials,  a  backing  material  may  be  placed 
behind  the  substrate  to  redirect  the  backside  radiation  to  the  forward  direction. 

Previously,  we  determined  that  copper-coated  Kapton  film  was  a  suitable  substrate 
when  the  sensors  needed  to  be  curved.  However,  it  was  necessary  to  determine  whether  the 
new  adhesiveless  copper-clad  Kapton  material  we  intended  to  use  for  the  miniature  cables 
would  also  be  suitable.  Test  transducers  were  fabricated  using  this  material  and  our  standard, 
ceramic  plates,  for  substrates.  These  transducers  were  connected  to  the  test  box  and  the  echo 

signals  recorded.  ■  r 

Analysis  of  the  echo  signals  showed  that  there  was  little  difference  in  performance 

between  the  ceramic  and  the  Kapton.  Therefore,  Kapton  was  chosen  so  that  the  substrate 
could  be  easily  curved  to  fit  the  finger. 

When  ceramic  is  used  as  the  sensor  substrate,  the  composition  of  the  backing  matenal 
is  unimportant.  For  Kapton  substrates,  a  backing  material  is  usually  necessary  for  optimum 
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performance.  Previous  experiments  have  shown  that  even  a  very  thin  layer  of  a  fibrous 
material  that  contains  trapped  gasses  can  isolate  the  effects  of  the  backing  material  from  the 
sensor.  Two  of  these  types  of  materials  that  we  investigated  were  Tyvek  and  paper. 
Transducers  were  fabricated  using  Kapton  for  the  substrate  and  both  Tyvek  and  paper  for  the 
backing  material  and  were  connected  to  the  test  box  to  allow  analysis  of  the  echo 

When  Tyvek  was  used  for  the  backing  material  in  the  transducers,  the  Tyvek  had  a 
strong  tendency  to  absorb  the  adhesive  used  to  bond  it  to  the  substrate,  thus  reducing  t  e 
amount  of  trapped  gases  in  its  fibers  and  therefore  its  effectiveness.  The  transducers  using 
paper  for  the  backing  material  also  had  a  slight  tendency  to  absorb  the  adhesive.  However, 
we  felt  that  Tyvek  would  be  more  consistent  and  stable  than  paper.  Consequently,  we 
developed  a  method  for  sealing  the  Tyvek  to  prevent  penetration  by  the  adhesive  so  that 
Tyvek  could  be  used  for  the  substrate. 

PVDF  having  a  new  type  of  metalization  was  evaluated  for  use  in  the  tactile  sensors. 
Samples  were  obtained  of  PVDF  having  a  base  coat  of  copper  covered  with  nickel  We 
currently  use  nickel  over  silver.  The  new  metalization  was  recommended  to  us  as  being  able 

to  better  withstand  the  creasing  process  when  folded.  _ 

Several  multilayer  transducers  were  fabricated  using  this  new  type  of  metalization. 
Visual  observations  were  made  of  the  integrity  of  the  metalization  during  the  fabrication 
process.  These  transducers  were  connected  to  the  test  box  so  that  the  echo  signal  could  e 
compared  to  those  obtained  from  transducers  using  the  prior  metalization 

Evaluation  of  the  PVDF  with  the  nickel-over-copper  metalization  showed  that  this 
metalization  was  more  prone  to  cracking  near  the  creases.  But  the  adhesion  of  the  metal  onto 
the  PVDF  was  much  greater  than  in  the  nickel-over-silver  material.  Lltrasonic  ectoes 
produced  by  transducers  made  from  each  type  of  metalization  were  comparable  Howevj, 
later  on  it  was  discovered  that  the  nickel  was  very  brittle.  Even  fairly  mild  bending  would 
shatter  the  nickel  coating.  Consequently,  this  material  was  not  used  in  the  sensors. 

We  also  evaluated  PVDF  with  a  ver>'  thin  layer  of  gold  (about  100  Angstroms  thick), 
which  also  was  purported  to  be  able  to  better  withstand  the  stress  in  foxing.  This  materia 
was  very  sensitive  to  small  amounts  of  tension.  These  small  forces  produced  separations  in  the 
metalization.  The  metalization  was  also  quite  susceptible  to  fine  scratches,  which  could 
interrupt  the  integrity  of  the  electrode  material.  Therefore,  there  was  no  reason  to  consider 

using  this  material  in  the  sensors.  *  j 

Originally  we  planned  on  using  several  PVDF  layers  in  the  sensors.  We  estimated  hat 

four  receiving  layers  of  9-micron  thick  PVDF  and  three  transmitting  layers  of  28  micron  him 
would  be  needed  for  the  required  sensitivity.  However,  we  opted  instead  to  substantia  y 
improve  the  sensitivity  of  the  sensor  electronics  and  increase  the  excitation  vo  tage  so  that  the 
number  of  layers  in  the  arrays  could  be  reduced.  Fewer  sensor  layers  would  likely  increase 


the  reliability  of  the  sensors.  , 

The  arrays  for  the  middle  segment  of  a  finger  were  fabricated  first.  This  array  had 

two  receiving  layers  of  9  micron  thick  PVDF  and  a  single  transmitting  layer  of  28  micron 
film.  These  arrays  consist  of  16  columns  by  12  rows  (192  elements)  for  the  wrap-around  array 
and  6  columns  by  12  rows  (72  elements  for  the  array  on  the  palmar  surface  of  this  linger 
segment.  The  patterns  for  these  arrays  are  shown  in  Figure  2. 
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Our  normal  fabrication  procedure  was  used  in  which  the  patterned  metalization  on  the 
PVDF  was  gold  plated.  The  gold  plating  immediately  indicates  any  breaks  in  the  thin 

metalization  and  also  bridges  small  gaps  and  pin  holes.  ^ 

The  array  was  connected  to  a  miniature  fle.x-circuit  cable  which  was  then  connected  to 
a  test  box.  An  1/8"  thick  rubber  pad  was  placed  over  the  arrays,  and  each  element  was 
tested.  This  sensor  had  very  good  performance.  All  working  elements  produced  strong  ec  o 
signals  However,  two  rows  were  inadvertently  connected  together  with  conductive  epoxy 
during  fabrication.  We  concluded  that  the  overall  sensor  design  and  construction  procedures 

were  satisfactory.  ,  „  ,  •  i  j  r 

Next,  PVDF  was  patterned  and  cables  were  made  for  the  pro.ximal  and  tinger-tip 


The  Air  Force  had  expressed  strong  concern  over  any  mechanical  modification  of  the 
UMDH,  such  as  drilling  and  tapping  of  holes  as  well  as  the  permanent  attachment  o  t  e 
sensors  or  related  components.  Moreover,  the  Air  Force  also  stated  the  need  to  be  ab  e  to 
remove  the  sensors  from  the  fingers  so  that  tendons  could  be  replaced.  It  was  also  desired 
that  the  sensors  would  not  be  damaged  by  this  removal  process,  and  could  be  reinstalled 

afterwards.^  of  the  above  it  was  impossible  for  Bonneville  to  use  the  intended  method  for 
sensor  fabrication  when  the  Phase  II  proposal  was  written.  The  intended  method  was 
designed  to  eliminate  flexing  of  the  sensors  or  their  connections  to  the  integral  flex-circuit 
cables.  Flexing  can  damage  the  metalization  on  the  PVDF  and  break  the  electrica 
connections.  The  original  method  was  based  upon  constructing  the  sensor  on  the  linger 

segment  by  building  it  up,  layer  by  layer.  ,  /-n  •  u  j 

The  Air  Force  preferred  not  to  have  Bonneville  permanently  fill  in  the  gaps  and  spaces 

in  the  finger  segments  in  order  to  provide  a  rigid  base  for  the  tactile  sensors,  as  origina  y 
intended  Therefore,  sensor  bases  had  to  be  developed  that  could  be  easily  removed  from  the 
fingers,  yet  rigid  and  secure  enough  to  support  the  sensors. 

The  bases  for  the  tactile  sensors  are  thin  metal  forms  that  were  placed  around  the 
three  finger  segments  in  order  to  bridge  the  various  channels  and  gaps  in  the  finger  structures 
and  provide  a  uniform  mounting  surface  for  the  tactile  sensor  components  Trial  bases  were 
made  out  of  5  mil  brass,  5  mil  thick  steel  shim  stock,  and  7  mil  thick  stainless  steel  shim  stoc  . 

We  began  by  using  brass  since  this  the  easiest  with  which  to  work.  Photo-etching  o 
the  brass  bases  was  straight  forward  and  they  were  easy  to  form  into  cylindrical  shapes.  e 
5  mil  brass  was  not  nearly  rigid  enough,  yet  we  felt  that  significantly  thicker  matenal  would  be 
too  thick  for  the  finger.  Steel  shim  stock  was  tried  next  because  of  its  strength,  even  though  it 
was  somewhat  more  difficult  to  etch.  Five-mil  steel  shim  stock  was  also  found  to  be  too 
flexible.  Also,  using  steel  for  the  bases  is  not  ideal  since  it  corrodes  easily  Consequently,  7 
mil  stainless  steel  was  tried  next.  This  material  was  also  satisfactorily  etched  and  was  found  to 
be  rigid  enough  to  adequately  support  the  sensors.  The  stainless  steel  was  much  springier 
than  the  mild  steel  and  brass  so  that  more  secure  fastening  was  required. 

The  outline  of  the  bases  was  developed  on  our  CAD  system.  From  this  out  me 
photomasks  were  made  so  that  the  bases  could  be  fabricated  using  photo-etching  techniques. 
Their  curvature  was  made  by  carefully  wrapping  the  thin  metal  around  cylindrical  forms. 
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Designs  for  the  bases  were  made  which  included  tabs  to  fit  in  every  pt^sible  re^ss  in 
the  digit  in  order  to  fix  their  position.  Figure  7  shows  the  size  and  shape  of  the  three  bases 

before  they  are  curved  to  fit  the  digit  segment. 

The  base  for  the  proximal  and  middle  finger  segment  directly  wrap  around  the  metal 

structure  of  the  finger.  The  metal  base  for  the  finger  tip  segment  is  the  most  complicated 
base  This  base  has  compound  curves  and  is  soldered  together.  It  also  requires  a  mo  e 
plastic  insert.  A  mold  was  designed  and  fabricated  for  this  piece  and  epoxy  casting  compound 

was  used  in  its  fabrication. 

Initial  attempts  to  solder  the  seams  in  the  finger-tip  base  resulted  in  solder 
accumulating  inside  the  base.  This  accumulation  prevented  the  base  from  fitting  on  the 
plastic  form.  To  prevent  this  accumulation  from  forming,  a  ceramic  form  was  ma  e  w 
closely  fit  the  interior  of  the  base.  This  solved  the  accumulation  problem. 

Two  options  were  apparent  for  mounting  the  sensor  bases  on  the  fmger  structure. 
These  options  were  the  use  of  adhesives  to  bond  the  base  to  the  finger  and  the  use  of  screws 
the  base  to  the  finger  a.  different  locations.  With  adhestves,  the  sensor  would  most 
likelv  be  destroyed  during  removal  of  the  base.  Furthermore,  adhesive  residue  would 
pl'ably  remall  on  the  finger  when  the  base  was  removed^  The  alternative  “f 
screws  to  secure  the  bases  to  the  finger  requires  drilling  and  tapping  holes  in  the  finge 
structure  and  the  use  of  tabs  or  flanges  on  the  bases  to  receive  the  screws. 

The  method  finally  chosen  was  to  make  both  the  mam  body  of  the  base  and  us  tabs 
very  close  fitting  on  the  digits.  However,  the  base  for  the  finger-tip  segment  is  secured  to  the 

digit  by  a  machine  screw  threaded  into  a  pre-existing  tapped  ho 

We  explored  ways  for  holding  the  bases  together  in  their  cylindrical  form  after  be  g 
nlaced  around  the  finger  segment.  These  methods  included  soldering,  adhesive  bonding, 
internal  taping  and  external  taping.  The  method  finally  selected  was  to  design  the  bases  wit 
an  overlapping  region,  and  bond  the  overlap  together  with  double-sided  tape. 

A  new  conductive  epoxy  adhesive  for  making  connections  between  the  PV-. 
electrodes  and  the  flex-circuit  cables  was  evaluated.  This  adhesive  had  been  used  for  making 
connections  between  the  PVDF  electrodes  and  the  flex-circuit  cables  in  tactile  sensors  for 
other  projects  with  excellent  results.  By  remaining  somewhat  flexible  after  curing  and  ha^ng 
greater  adhesion  than  the  adhesive  which  we  intended  to  use  the  tactile  ,  • 

to  be  more  reliable.  Another  important  advantage  in  using  this  new  epoxy  was  that  it  made 
more  feasible  to  assemble  most  of  the  sensor  before  installation  on  the  han  .  ,  .  , 

The  tactile  sensors,  minus  the  bases  and  rubber  coverings,  were  assembled  (wthout 
connecting  the  edges  together  to  form  a  cylinder)  over  a  curved  form.  After  assembly,  a 
temporary^ rubber  covering  was  applied  and  the  sensor  was  operated.  Problerns  with  sensor 
opTatio^are  more  easily  corrected  at  this  stage  than  after  instal  ation  on  the  digit.  Once 
proper  operation  was  verified,  the  sensors  were  installed  on  the  digits. 

Tock  fi-Sensor  Installation  ,  .  r 

Sensor  installation  on  the  hand  began  by  installing  the  metal  bases  on  the  three  finger 
segments.  The  finger-tip  base  was  simply  installed  by  securing  the  plastic  insert  to  the  finger 
with  a  machine  screw,  covering  its  outer  surface  with  a  weak  adhesive,  then  positioning  e 
metal  base  over  the  insert.  The  other  two  bases  were  installed  by  positioning  them  over  the 
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FIGURE  7 . 


Shape  of  metal  bases  for  the  tactile  sensors 
Scale  1 : 1 
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segments  with  the  tabs  in  the  grooves  and  closing  the  bases  into  a  cylinder,  then  using  double¬ 
sided  tape  to  secure  them  in  a  cylindrical  shape.  The  bases  were  next  covered  with  Kapton 
tape  to  cover  sharp  edges  and  to  insulate  the  surface. 

After  mounting  the  metal  bases  on  the  fingers  of  the  hand  and  testing  the  arrays  on 
the  test  fixture,  the  arrays  were  installed  on  the  finger  segments.  Before  the  arrays  were 
applied  over  the  bases,  a  thin  layer  of  contact  adhesive  was  applied  to  the  Kapton  tape 
covering  the  bases.  Next,  the  arrays  were  carefully  placed  in  position  and  pressed  against  the 
contact  adhesive.  A  layer  of  Kapton  tape  was  then  applied  over  the  arrays  to  further  secure 
and  protect  them. 

Initially,  we  felt  that  the  rubber  coverings  could  be  made  in  one  piece  and  could 
probably  be  expanded  and  placed  around  the  finger  without  being  cut.  However,  we 
expected  that  it  would  have  been  difficult  to  uniformly  bond  the  coverings  to  the  sensor  with 
no  gases  (air)  being  left  trapped  between  the  sensor  and  the  inner  surface  of  the  covering. 

Gas  pockets  would  prevent  the  passage  of  the  tactile  sensor's  ultrasonic  signal  into  the  rubber. 
Consequently,  it  was  anticipated  that  the  coverings  would  be  slit  before  they  were  mounted  on 
the  finger.  Slitting  would  facilitate  the  controlled  application  of  the  covering  to  the  array  and 
the  careful  expression  of  excess  adhesive  from  the  interface  region.  Once  in  position,  the  slit 
in  the  covering  would  be  sealed  with  adhesive. 

However,  it  wasn't  necessary  to  slit  the  molded  rubber  coverings.  The  arrays  were 
covered  with  a  thin  coat  of  silicone  adhesive.  Then  the  coverings  were  stretched  and 
positioned  over  the  arrays.  The  translucency  of  the  rubber  allowed  the  trapped  air  bubbles  to 
be  visualized  and,  therefore,  easily  expressed. 


The  redesigned  sensors  fabricated  during  the  contract  extension  period  were  mounted 
on  the  original  metal  bases  installed  on  the  hand.  Sensors  were  installed  in  the  same  fashion 
as  previously  described.  The  rubber  coverings  were  comprised  of  strips  of  rubber  having 
uniform  thickness.  These  were  positioned  and  then  bonded  to  the  sensors.  Sensors  and 
rubber  coverings  were  installed  on  all  four  digit  tips.  Sensors  for  the  medial  and  proximal 
digit  segments  were  only  installed  on  the  thumb  and  index  finger.  Resources  did  not  allow 
the  complete  fabrication  and  installation  of  these  sensors  on  the  other  two  digits. 

Bonneville  Scientific  deviated  from  the  proposed  prioritized  order  for  installing  and 
wiring  the  sensors  on  the  hand.  This  order  is  stated  under  the  "Contract  Extension"  section 
of  this  report.  The  reason  for  this  deviation  is  due  to  the  architecture  of  the  sensor  electronics 
subsystem. 

All  the  arrays  for  each  digit  are  multiplexed  by  one  circuit  board.  Consequently,  all 
the  sensor  cables  exiting  a  digit  are  bundled  together  with  a  common  shield  and  routed  to  the 
electronics  box  containing  the  multiplexing  and  pulsing  circuit  boards.  Therefore,  the 
operation  of  all  four  finger-tip  sensors  would  require  four  wire  bundles  terminating  at  four 
multiplexing  boards.  On  the  other  hand,  all  six  sensors  on  two  digits  would  only  require  two 
wire  bundles  and  two  multiplexer  boards. 

Dwindling  resources  and  the  difficulty  in  working  in  the  confined  quarters  of  the 
electronics  box  (described  later),  forced  us  to  take  the  latter  approach  and  fully  install  all  six 
sensors  on  the  thumb  and  index  finger.  However,  the  finger-tip  tactile  sensors  are  installed  on 
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the  remaining  two  digits  and  could  be  wired  to  additional  multiplexers  in  order  to  be  made 
functional. 


Task  7--Sensor  Evaluation 

The  sensors  were  tested  just  prior  to  their  installation  on  the  hand  by  using  the  test 
fixture  (which  is  described  later  under  Objective  3).  After  installation,  the  sensor  cables  were 
connected  to  the  hand's  sensor  system  electronics,  rather  than  the  test  fixture  for  re-evaluation 
of  sensor  performance. 

The  test  fixture  was  not  used  at  this  point  for  two  reasons.  The  first  reason  stems  from 
the  fact  that  since  the  test  fixture  was  never  a  budgeted  part  of  this  contract,  the  funds  were 
not  available  to  fully  develop  it  so  that  it  could  be  used  routinely.  Each  time  it  was  used, 
careful  attention  had  to  be  paid  to  the  shielding  and  grounding  of  both  the  adapter  cable 
connecting  the  fixture  to  the  sensor  leads  and  the  sensor  leads  themselves.  This  process  was 
further  complicated  by  the  rather  limited  access  to  the  sensor  cables  because  of  the  hand 
structures.  The  second  reason  was  that  it  was  Bonneville's  opinion  that  the  installation 
procedure  was  gentle  enough  not  to  cause  significant  damage  to  the  sensors. 

The  above  two  reasons  were  influenced  by  the  short  time  remaining  in  the  Phase  II 
contract  (ue.,  the  decision  not  to  use  the  test  fixture  at  this  point  was  a  calculated  risk). 

After  installation  of  the  arrays  on  the  digits  and  the  installation  of  the  rubber  coverings 
over  the  arrays,  the  flex-circuit  cable  leads  e.xiting  the  fingers  were  soldered  to  miniature 
cables  which  terminated  in  the  box  containing  the  pulser  and  multiplexing  electronics. 

The  cables  exiting  the  electronics  box  were  attached  to  the  connectors  on  the  wire- 
wrap  board  in  the  VME  card  cage.  This  board  contained  the  remainder  of  the  sensor 
electronics  and  the  port  to  the  single-board  computer,  or  SBC  (68020  microprocessor). 

The  tactile  sensor  system  was  energized  and  the  elements  were  scanned.  The  time-of- 
flight  values  displayed  indicated  that  echo  signals  were  not  being  consistently  detected. 
However,  there  v.'as  no  way  of  determining  from  the  time-of-flight  values  whether  the  problem 
was  with  the  sensors,  the  sensor  electronics,  the  computer(s),  the  software,  or  was  just  a  matter 
of  adjustment. 

Trouble  shooting  the  tactile  sensor  system  was  complicated  by  the  high  noise  level  in 
the  analog  echo  signal  lines  coming  from  the  tactile  sensors.  This  high  noise  level  was  due  to 
at  least  two  factors.  First,  optimum  placement  of  ground  connections  and  optimum 
installation  of  shielding  hadn't  been  determined  yet.  Second,  the  existing  shielding  and 
grounding  of  the  shields  had  to  be  disrupted  in  order  to  make  the  test  measurements. 

Connections  to  the  proximal  array  on  the  thumb  were  removed  so  that  a  test  box  with 
pulsing  and  receiving  electronics  could  be  directly  connected  to  the  array  leads.  This 
approach  isolated  the  array  from  the  hand's  sensor  electronics. 

The  evaluation  process  consisted  of  connecting  the  test  box  leads  to  the  appropriate 
sensor  cable  leads,  locating  the  tactile  element,  and  palpating  the  rubber  covering  while 
viewing  the  echo  signal  on  the  oscilloscope.  This  process  was  very  time-consuming. 

Measurements  were  made  on  a  total  72  tactile  elements  using  this  procedure.  All  of 
these  measurements  were  confined  to  the  wrap-around  portion  of  the  sensor  on  the  proximal 
segment  of  the  thumb. 
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Over  a  period  of  about  six  hours  it  was  possible  to  test  72  out  of  the  336  elements  in 
the  proximal  array.  This  represents  only  about  2%  of  the  3200  tactile  elements  on  the  hand. 
Time  was  not  available  to  proceed  further. 

Out  of  the  72  elements  tested,  36  elements  were  "dead".  Dead  is  defined  as  either  the 
element  was  not  functioning,  or  the  echo  signal  could  not  be  made  to  increase  sufficiently  for 
reliable  detection  by  palpating  the  rubber  covering.  Out  of  the  36  dead  elements,  1 1  of  them 
had  echoes  that  were  too  weak.  Out  of  the  remaining  25  that  weren't  functioning,  it  is 
probable  that  12  of  them  were  due  to  a  broken  connection  between  the  bonding  pads  on  the 
PVDF  and  the  sensor  cable.  Another  eight  of  these  were  probably  due  to  breaks  in  the 
metalization  on  the  PVDF. 

The  other  36  elements  either  normally  had  very  strong  echoes,  or  their  echoes  could 
be  made  sufficiently  strong  by  palpating  the  rubber.  Therefore,  it  is  quite  likely  that  all  of 
these  36  elements  would  operate  normally  if  the  sensor's  rubber  covering  were  changed  so 
that  the  outer  surface  of  the  rubber  were  more  parallel  to  the  PVDF  surface.  We  expect  that 
in  making  the  molds  for  the  rubber  coverings,  not  enough  attention  was  paid  to  this  important 
detail. 

Since  one  has  access  to  the  connections  between  the  PVDF  and  the  flex-circuit  cable 
when  the  sensors  are  removed,  it  may  be  possible  to  repair  these  connections.  Therefore,  it  is 
possible  that  function  could  be  restored  to  12  elements.  The  eight  bad  elements  thought  to  be 
due  to  breaks  in  the  PVDF  metalization  can  potentially  be  fixed  because  the  indicated  breaks 
would  be  on  the  outer  surface  of  the  PVDF,  which  is  accessible  after  removing  the  rubber 
covering  and  protective  layer  of  kapton  tape. 

In  light  of  the  above,  it  may  have  been  possible  to  restore  function  to  20  out  of  the  36 
dead  elements.  Whether  any  more  than  this  number  of  tested  elements  could  have  been  fixed 
was  unknown  at  the  time  since  the  nature  of  the  problem  was  not  known. 


Sensor  Tests  and  Results.  The  first  task  under  the  contract  extension  was  to  make  the 
test  fixture  easier  to  use  and  reduce  its  noise  pick-up  so  that  it  could  be  used  to  test  the 
performance  of  the  tactile  sensors  installed  on  the  UMDH.  This  was  achieved  primarily 
through  careful  shielding  and  grounding  of  the  shields  covering  the  flex-circuit  adaptor  cables. 
The  three  adaptor  cables,  one  for  each  of  the  three  different  digit  segment  sensors,  make 
connection  between  the  sensor  electronics  module  and  the  cables  on  the  tactile  sensors. 

Once  these  changes  were  made,  the  test  fixture  was  used  to  display  on  a  personal 
computer  screen  the  tactile  image  produced  by  an  array  so  that  non-functional  elements  could 
be  quickly  identified.  The  test  fixture,  through  an  appropriate  software  command,  also 
allowed  a  particular  element  to  be  repetitively  addressed  so  that  an  oscilloscope  could  be  used 
for  display  of  the  echo  signal  to  allow  analysis  of  its  size,  shape,  and  noise  level. 

All  3200  tactile  elements  were  functionally  tested  with  the  test  fixture.  The  overall 
result  of  this  test  was  that  only  16%  of  the  tactile  elements  (taxels)  had  acceptably  high  echo 
signals.  A  value  of  2.0  volts  peak-to-peak  was  rather  arbitrarily  chosen  as  an  acceptable  echo 
amplitude  level.  On  the  average,  echoes  of  this  amplitude  would  have  a  10:1  signal-to-noise- 
ratio. 
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It  was  observed  that  many  of  the  elements  near  the  edges  off  the  arrays  had  weak 
echoes  which  could  be  made  substantially  larger  by  manipulating  the  rubber  pad.  This,  was 
due  to  the  exposed  surface  of  the  rubber  being  grossly  nonparallel  with  the  PVDF  surface. 

All  the  echoes  from  the  arrays  on  digit  two  (the  index  finger)  of  the  hand  were 
"characterized".  That  is,  the  echo  signal  was  observed  and  deviations  from  normal  amplitude, 
shape,  timing,  noise,  as  well  as  whether  or  not  it  was  intermittent  were  noted. 

Capacitance  measurements  were  made  on  every  sensor  row  and  column.  Very  low 
capacitance  indicates  breaks  either  in  the  connections  between  the  sensor  cables  and  the 
PVDF  or  at  the  very  beginning  of  a  row  or  column  on  the  PVDF.  This  was  usually 
confirmed  by  the  echo  amplitude  measurements  in  that  the  entire  row  or  column  would  be 
"dead".  Higher,  but  still  less  than  normal,  capacitance  values  indicate  breaks  across  a  row  or 
column  of  the  PVDF  metalization. 

The  location  of  the  break  is  usually  determined  from  the  echo  measurements.  The 
reason  that  the  location  of  the  breab  aren't  always  indicated  by  the  amplitude  measurements 
is  that  many  of  the  breaks  were  intermittent.  If  fact  one  row  whose  measured  capacitance  was 
virtually  zero,  had  echo  signals  of  very  high  amplitude.  This  was  traced  to  an  intermittent 
break  in  the  metalization.  In  fact,  we  saw  no  reason  to  perform  any  statistical  analysis  on  the 
test  data  because  we  knew  that  many  of  the  measurements  would  not  be  reproducible  because 
of  intermittent  contacts. 

The  most  relevant  test  data  for  the  arrays  are  given  in  Appendix  2. 

These  test  results  were  consistent  with  our  initial  suspicions  at  the  end  of  the  24-month 
Phase  II  period.  That  is,  failures  could  be  attributed  to  broken  connections  to  the  PVDF 
metalization  and  to  breaks  in  the  PVDF  row  and  column  metalization.  Also,  reduced  echoes 
could  be  attributed  to  a  nonparallel  rubber  surface  or  to  defects  in  the  manufacture  of  the 
sensor.  In  other  words,  nothing  was  seen  which  would  suggest  new  failure  modes. 

Autopsy  Results.  Several  arrays  were  dissected  while  still  on  the  hand  in  order  to 
examine  indicated  failure  locations  and  confirm  or  deny  our  suppositions  of  the  cause  of 
failure.  In  general,  there  were  numerous  breaks  in  the  PVDF  and  its  metalization  in  the 
vicinity  where  the  PVDF  was  folded  under  the  array  in  order  to  connect  with  the  flex-circuit 
cable.  Some  of  these  breaks  resulted  in  clearly  open  circuits,  others  made  intermittent 
contact. 

Microscopic  examination  showed  that  there  were  scratches  across  some  of  the 
transmitting  row  electrodes  on  the  outer  PVDF  layer.  Some  of  these  scratches  were 
sufficiently  long  and  deep  to  interrupt  the  continuity  of  the  electrode.  Since  the  transmitting 
rows  are  unprotected  until  the  sensor  is  attached  to  the  digit  and  covered  with  Kapton  tape, 
these  scratches  can  occur  during  handling.  No  scratches  were  seen  in  the  metalization  of  any 
of  the  underlying  receiving  layers.  Also,  no  breaks  in  the  connections  between  cables  and 
PVDF  were  noted. 

In  some  arrays,  repairs  were  effected  by  covering  indicated  breaks  with  conductive 
epoxy.  In  every  case  where  this  was  done,  capacitance  values  increased  to  within  the  normal 
range  and  previously  nonfunctional  elements  began  working. 

In  light  of  these  findings,  the  tactile  arrays  were  redesigned  to  reduce  or  eliminate 
these  identified  sources  of  failure.  The  new  design  is  described  under  Task  1  of  this  objective. 


23 


Performance  of  Rcdesiqmed  Sensors.  The  redesigned  sensor  and  the  interconnecting 
flex-circuit  were  fabricated  and  connected  to  the  old  flex-circuit  sensor  cable.  When  this  new 
sensor  was  first  made  it  was  left  flat  and  covered  with  a  flat  sheet  of  3/32"  silicone  rubber. 

The  sensor  cable  was  connected  to  the  test  fixture  and  operated  by  the  PC.  Figure  8  shows  a 
tactile  image  of  a  round  rod  obtained  from  the  flat  finger-tip  arrays.  The  row  and  column 
voids  shown  in  the  display  are  the  result  of  a  quick  "hack"  of  the  software  for  displaying  the 
original  finger-tip  array  in  order  to  make  it  more  compatible  with  the  redesigned  sensor. 

Echo  amplitude  measurements  were  made  on  all  the  elements  of  the  redesigned  sensor. 
All  but  four  elements  had  echo  amplitudes  of  2.0  volts  or  greater.  The  smallest  echo  differed 
from  2.0  volts  by  less  than  10%.  After  the  above  measurements  were  made,  the  sensor  was 
wrapped  around  and  attached  to  the  metal  sensor  base  for  the  finger-tip.  Molds  were  made, 
and  two  uniformly  thick  planar  pieces  of  rubber  were  fabricated  with  the  appropriate  shape 
for  this  sensor.  These  two  pieces  of  rubber  were  then  applied  to  the  PVDF  and  temporarily 
secured  by  double-sided  tape.  Rgure  9  shows  a  tactile  image  obtained  from  the  curved 
sensor.  To  obtain  this  image,  the  sensor  was  grasped  laterally  and  the  palmar  array  pressed 
against  the  laboratory  bench  top. 

Echo  amplitude  measurements  after  mounting  the  arrays  on  the  metal  base  showed 
that  now  six  elements  had  echo  signal  amplitudes  of  less  than  2.0  volts.  The  two  new 
elements  with  low  amplitude  were  adjacent  to  each  other  and  at  least  partially  covered  by  two 
rather  irregular  layers  of  tape  which  was  used  to  secure  the  rubber  pieces  to  the  arrays.  It 
was  thought  that  it  was  the  tape  which  was  the  cause  of  the  decreased  amplitude. 

Overall,  this  redesigned  sensor  performed  almost  flawlessly.  Only  5%  of  the  elements 
had  slighdy  less  than  the  target  amplitude.  It  should  be  noted  that  echo  amplitudes  were 
measured  on  the  old  sensors  without  the  Poron®  covering.  Measurements  on  the  redesigned 
sensor  included  the  effects  of  the  Poron®.  Even  though  the  Poron®  reduces  echo  amplitude 
by  about  20%,  the  echoes  from  the  redesigned  sensor  were  typically  significantly  greater.  This 
is  due  to  the  additional  PVDF  transmitting  layer. 


Objective  2— Sensor  Interconnect  and  Cable  Routing 

Task  1 -Measure  Relevant  Finger  Dimensions 

For  cabling  purposes,  approximate  finger  dimensions  were  measured  from  assembly 
drawings  for  the  finger.  Later,  when  the  actual  finger  was  available  to  us,  more  accurate 
measurements  were  made.  These  were  entered  into  our  GAD  system.  This  task  was  straight 
forward  and  presented  no  significant  problems 

Task  2-Determine  Gable  Geometry  and  Dimensions 

As  originally  proposed,  one  sensor  cable  would  be  interconnected  to  all  six  arrays  on 
the  three  digit  segments.  With  this  approach,  the  number  of  leads  and  cables  within  a  digit  is 
minimized.  Based  upon  the  measurements  made  in  Task  1  of  this  objective,  preliminary  cable 
layout  was  made. 

Since  with  the  original  approach  all  the  arrays  on  a  digit  would  be  physically 
connected  together,  repair  or  replacement  of  an  array  would  be  very  difficult  without 
damaging  the  interconnecting  cable  and,  therefore,  the  operation  of  the  other  arrays  on  the 
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Figure  8.  Tactile  Image  of  a  Round  Bar  Placed  Across  the 
Flat  Redesigned  Finger-Tip  Sensor. 
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Figure  9.  Tactile  Image  Produced  by  Laterally  Grasping 
the  Curved  Redesigned  Sensor  and  Pressing  the 
Palmar  Amray  Against  the  Lab  Bench  Top. 
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digit.  With  the  Air  Force's  concern  about  not  being  able  to  repair  or  replace  damaged  sensors 
in  mind,  we  simplified  the  cabling  design.  The  two  arrays  on  each  finger  segment  have  one 
cable  running  back  to  the  sensor  junction  box.  Repair  is  thus  potentially  simplified  and  more 
practical.  Another  reason  for  having  separate  cables  for  the  sensors  on  each  finger  segment  is 
to  increase  array  element  sensitivity  by  not  having  receiving  columns  of  an  array  on  one  finger 
segment  connected  to  array  columns  on  another  segment.  This  change  in  cabling  does, 
however,  greatly  increase  the  number  of  leads  exiting  the  digit  and  the  number  of  connections 
required,  and  also  triples  the  number  of  cables. 

Task  3"Determine  Cable  Routing 

Because  the  arrays  on  each  of  the  three  segments  of  a  digit  are  no  longer 
interconnected,  it  was  now  possible  to  route  the  cables  from  the  finger-tip  segment  between 
the  sensor  and  digit  structures  of  the  other  two  segments.  Similarly,  the  cable  for  the  middle 
digit  segment  could  now  run  under  the  sensor  on  the  proximal  finger  segment.  Moreover,  a 
small  amount  of  tension  applied  to  the  proximal  ends  of  the  cables  would  prevent  the 
formation  of  cable  loops  at  the  digit  joints.  Consequently,  the  cables  would  only  e.xperience 
minimal  flexing  and  there  would  be  no  loops  to  get  caught  on  objects  during  use  of  the  hand. 
Existing  channels  in  the  finger  structure  were  sufficiently  wide  to  accommodate  the  sensor 
cables  except  for  the  finger-tip  arrays.  The  channel  on  top  of  the  finger-tip  segment  was 
notched  in  order  for  the  cable  to  fit  within  this  recess. 

Task  4— Determine  Method  for  Cable  Flexing 

The  purpose  of  this  task  was  to  develop  a  suitable  method  to  allow  the  sensor  cables  to 
flex  at  the  finger  joints  during  flexion  and  extension  of  the  finger.  This  was  an  important 
issue  with  the  originally-proposed  interconnected  arrays.  By  having  a  separate  cable  for  each 
pair  of  arrays  on  a  digit  segment  and  by  routing  the  cables  underneath  the  sensors,  this  sort  of 
cable  fiexing  does  not  occur. 


Task  5— Test  Flex  Method 

There  was  no  "method"  to  test  since  the  small  amount  of  cable  flexing  which  occurs  in 
the  vicinity  of  the  finger  joints  is  insufficient  to  cause  loops  to  form.  The  cables  flex  slightly, 
with  a  large  radius  of  curvature,  at  the  back  of  the  hand.  This  amount  of  fle.xing  is  quite 
benign. 

Task  6— Design  Cables 

We  developed  one  double-sided  cable  for  the  arrays  on  each  digit  segment.  Leads  for 
the  transmitting  elements  were  on  one  side,  and  the  receiving  leads  on  the  other  side.  Figure 
10  shows  the  receiving  leads  on  one  side  of  these  cables  for  the  three  segments.  A  similar 
arrangement  was  used  for  the  transmitting  leads  that  are  on  the  opposite  side  of  the  cables. 

Figure  1 1  shows  a  photocopy  of  the  photomasks  used  in  fabricating  the  cable  for  the 
proximal  digit  segment  array.  The  upper  portion  of  Figure  1 1  shows  the  copper  conductor 
pattern  for  the  14  transmitting  rows  of  the  array.  The  corresponding  pattern  for  the  24 
receiving  columns  is  shown  below  it.  The  photocopier  lacked  the  resolution  to  show  the 
individual  conductors  in  the  cable.  In  the  receiving  element  cable,  the  traces  are  5  mils 
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Figure  11.  Cable  photomask  for  proximal  segment  arrays 


wide  with  3  mil  spaces  between  them.  For  the  transmitting  elements,  the  traces  are  8  mils 
with  4  mil  spaces.  The  transmitting  cable  also  carries  a  wide  ground  conductor  that  makes 
contact  with  two  of  the  conductors  in  the  edge  connector  at  the  right  end  of  the  cable. 


During  the  contract  e.xtension  when  new  tactile  sensor  arrays  were  made,  they  were 
designed  to  be  compatible  with  the  old  sensor  cables.  Consequently,  the  old  cables  were  used 
with  the  new  arrays. 


Task  7--Fabricate  Cables 

Initially,  the  cable  design  described  in  Task  6  for  the  middle  digit  segment  was 
fabricated  and  connected  to  the  sensor.  Cable  integrity  was  tested  before  connecting  it  to  the 
PVDF. 

The  cable  for  the  proximal  array  was  fabricated  using  the  photomasks  shown  in  Figure 
11.  We  altered  our  cable  fabrication  procedure  by  using  a  heated-roll  laminator  to  apply  a 
thin  film  of  photoresist  to  the  copper-coated  Kapton  flex-circuit  material.  This  technique 
eliminated  the  pin  holes  in  the  photoresist  commonly  e.xperienced  with  spinning  on  liquid 
resist  and  the  resulting  laborious  touch-up  process.  It  significantly  improved  cable  quality. 

Initially  we  felt  that  the  sensor  cables  would  be  too  thick  if  Kapton-film  insulating 
layers  were  laminated  over  the  traces  of  the  flex-circuit  cabling.  Therefore,  we  developed  an 
alternative  insulation  process  that  used  a  liquid  polyimide  material.  The  liquid  polyimide 
bonds  well  to  the  cable  and  levels  to  a  uniform  thickness.  Use  of  this  insulating  material 
significantly  reduced  cable  thickness  and  thereby  improved  their  fle.xibility  as  well  as  allowed 
them  to  pass  through  the  digit  structures  more  freely.  However,  we  discovered  that  the 
polyimide  would  wear  through  after  a  period  of  time  when  it  rubbed  against  another  cable. 
Consequently,  instead  Kapton  was  laminated  to  both  sides  of  the  miniature  cables  for 
insulation. 

In  order  to  electrically  shield  the  cable  leads  without  a  substantial  increase  in  their 
thickness,  we  planned  on  using  a  thin  conductive  polymer  coating.  The  efficacy  of  this  type  of 
shield  was  tested.  We  fabricated  a  miniature  cable  for  connecting  a  tactile  sensor  to  the 
sensor's  electronics.  This  cable  was  first  wrapped  with  metal  foil  to  shield  it,  and  then  the 
noise  level  was  measured.  The  metal  foil  was  removed  and  the  cable  was  covered  with  the 
conductive  polymer.  After  reconnecting  the  cable,  the  noise  level  was  again  measured. 
Measured  noise  levels  were  the  same  for  this  material  as  they  were  when  metal  foil  was 
surrounding  the  cable. 

Although  the  conductive  polymer  coating  shielded  well,  there  were  questions  about  its 
durability.  We  then  became  aware  of  a  newly  developed  shielding  material.  This  was  silver- 
coated  rip-stop  nylon.  This  material  was  used  on  each  side  of  the  cables  for  shielding  and  a 
final  layer  of  Kapton  was  applied  for  protection. 

After  the  shielding  test  mentioned  above,  one  set  of  the  three  cables  required  for  one 
finger  was  fabricated.  The  resulting  sensor  cables  contained  five  layers  of  material  and  were 
about  0.015"  thick. 

One  bottleneck  in  cable  fabrication  was  the  need  to  print  out  the  cable  artwork  at  a 
scale  of  10:1  on  8  1/2"  x  1 1"  sheets  of  paper,  and  to  carefully  align  these  sheets  and  then  tape 
them  in  place.  Ten-to-one  scale  is  needed  for  high  resolution  on  the  laser-jet  printer. 
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Therefore,  the  artwork  shown  in  Figure  1 1  starts  out  being  almost  eight  feet  long.  During  this 
contract  we  were  able  to  up-date  and  modify  our  CAD  system  software  to  allow  us  to  have 
the  cable  designs  photoplotted  by  an  outside  vendor.  The  outside  photoplots  have  greatly 
decreased  the  time  required  for  photomask  generation  and  has  resulted  in  improved  cable 
quality. 

Objective  3— Tactile  Sensor  Svstem  Electronics 

Introduction 

The  development  of  the  tactile  sensor  system  electronics  was  delayed  in  order  not  to 
duplicate  effort.  Bonneville  had  another  project,  for  the  Veterans  Administration,  in  which 
the  current  tactile  sensor  system  electronics  needed  to  be  improved.  We  chose  to  wait  until 
these  improvements  were  established  before  developing  the  electronics  for  the  UMDH  tactile 
sensors  so  that  these  improvements  could  also  be  used  here,  rather  than  duplicating  obsolete 
electronics  for  the  hand. 

Task  1— Increase  Addressing  Capability 

This  task  was  relevant  to  the  dual  microprocessor  system  originally  proposed  for  this 
Phase  II  project.  It  became  trivial  when  the  contract  was  changed  to  require  a  new 
microprocessor  system  to  be  developed. 

Task  2"Receiving  Multiple.xing 

Bonneville  Scientific  originally  proposed  interconnecting  each  of  the  tactile  arrays  on 
the  three-digit  segments.  This  interconnection  resulted  in  each  digit  having  24  leads  for  the 
transmitting  rows  and  24  leads  for  the  receiving  columns.  In  response  to  the  Air  Force's 
concerns  about  the  difficulty  in  replacing  or  repairing  the  arrays  on  one  segment  without 
damaging  the  interconnected  arrays,  Bonneville  Scientific  altered  the  cabling  layout  so  that  the 
arrays  on  each  segment  have  their  own  leads  which  pass  through  the  digit  structure  and 
terminate  at  a  junction  box.  As  a  result  of  this,  each  digit  had  68  rather  than  24  leads  for  the 
receiving  columns  in  the  arrays.  This  increase  in  the  number  of  leads  presents  more 
multiplexing  possibilities,  some  of  which  can  be  exploited  to  improve  sensor  performance. 

The  scheme  for  multiplexing  the  receiving  columns  of  the  tactile  sensors  is  shown  for 
one  digit  in  Figure  12.  This  scheme  was  chosen  for  the  following  reasons: 

1.  Gable  routing  to  the  junction  box  is  neat  and  simplified  since  the  three  cables 
exiting  a  digit  terminate  at  the  same  location. 

2.  Four  identical  multiplexing  circuit  boards  are  used,  one  for  each  digit. 

3.  Tactile  sensor  sensitivity  is  maximized  since  no  receiving  columns  are  connected 
together. 

4.  Different  gains  can  be  used  for  the  planar  and  the  wrap-around  arrays. 

The  main  disadvantage  of  this  scheme  is  that  it  uses  more  switching  FET's  than  would 
otherwise  be  necessary.  This  not  only  increases  the  number  of  electronic  components 
required,  but  also  the  signal  loss  due  to  more  levels  of  multiplexing. 

The  analog  echo  signal  passes  through  three  FET  switches.  Since  these  switches  have 
significant  "on"  resistance  (about  65  ohms,  maximum),  a  small  experiment  was  conducted  to 
determine  signal  loss.  A  printed  circuit  board  having  three  FET  switch  stages  in  series  was 
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designed  and  fabricated,  and  signal  loss  was  measured.  Test  results  showed  that  the  signal  loss 
through  the  multiplexing  chain  was  about  6  dB.  This  is  an  acceptable  figure. 

Figure  13  shows  the  electronic  schematic  diagram  for  one  of  the  four  identical 
receiving  multiplexing  boards.  The  prime  consideration  in  designing  the  layout  was  to  make 
the  board  as  compact  as  practical  in  order  to  minimize  the  bulk  of  the  electronics  in  the 
vicinity  of  the  hand.  Figure  14  shows  the  completed  board  design.  Each  board  is  2"  x  4". 
Circuit  boards  for  the  receiving  multiple.xers  were  fabricated,  populated  with  components  and 
tested  with  a  signal  generator  before  installing  in  a  shielded  enclosure  on  the  back  of  the 
hand.. 


Task  3--Transmitting  Multiplexing 

Although  this  task  is  entided  "Transmitting  Multiplexing",  it  is  not  practical  to 
multiplex  the  rather  high  voltage,  rapid  pulses  required  for  optimum  excitation  of  the  PVDF. 
Instead,  individual  pulsers  are  used. 

By  using  separate  cables  for  the  arrays  on  each  digit  segment,  each  digit  has  leads 
connecting  to  a  total  of  38  transmitting  rows.  It  is  important  to  have  the  sensitivity  of  the 
receiving  columns  in  the  arrays  as  high  as  is  practical  in  order  to  detect  very  small  signal 
echoes  that  may  be  produced  by  sharp  edges  and  points.  The  easiest  way  to  achieve  this  is  by 
not  paralleling  any  of  the  leads  going  to  the  receiving  columns.  As  a  consequence  of  this,  the 
transmitting  leads  for  the  arrays  on  the  three  segments  can  be  connected  in  parallel  as  much 
as  possible.  The  result  of  this  is  that  only  14  pulsers  are  required  for  each  digit.  Moreover, 
the  transmitting  leads  for  the  arrays  on  each  digit  can  also  be  connected  in  parallel  with  those 
of  the  other  digits  so  that  only  14  pulsers  are  required  for  the  entire  hand. 

The  specific  components  used  in  the  pulsers  must  be  capable  of  driving  the  large 
capacitive  loads  of  all  the  corresponding  transmitting  rows  of  the  different  arrays  being 
connected  in  parallel.  This  load  is  on  the  order  of  10  nF.  Prototype  pulsers  capable  of 
operating  at  up  to  200  volts  and  having  high  current  drive  capability  were  designed, 
fabricated,  and  then  tested  by  driving  a  10  nF  capacitor  for  several  hours  without  overheating 
or  failure. 

Next,  a  circuit  board  was  design  for  the  14  pulsers,  using  surface-mount  components  to 
save  space.  Figure  15  shows  the  layout  for  this  board.  This  board  was  fabricated,  populated 
with  components  and  tested. 

Since  the  individual  tactile  arrays  do  not  all  contain  the  same  number  of  elements, 
determining  valid  addresses  and  an  orderly  scan  pattern  was  not  a  trivial  task.  Preliminary 
computer  code  was  written  to  generate  the  physical  sensor  addresses  from  the  Boolean 
equations  for  one  possible  scanning  order.  This  scan  order  is  shown  in  Figure  16.  Scan  order 
can  be  easily  changed  through  software. 


Two  changes  were  made  to  the  circuit  boards  containing  the  pulser  electronics.  It  was 
discovered  that  the  integrated  circuit  address  decoders  on  these  boards  were  not  working. 
They  were  replaced.  No  cause  was  found  for  their  failure.  It  was  also  suspected  that  noise 
was  corrupting  the  signals  coming  into  these  decoders  and  altering  the  sensor  element  address. 
Therefore,  buffers  were  added  to  the  pulser  address  lines.  After  the  redesigned  tactile  sensors 
were  mounted  on  the  hand  and  connected  to  the  electronics,  it  was  discovered  that  the 
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FIGURE  13.  Schematic  for  receiving  column  multiplexing 
board.  Wiring  within  the  dashed  outline  is 
shown  in  Figure  6. 


original  pulsers  were  not  capable  of  driving  the  large  capacitive  load  of  the  tactile  sensors. 

The  reason  for  this  is  not  known  since  in  bench  tests  no  problems  with  driving  an  equivalent 
load  were  apparent. 

This  problem  could  be  solved  either  by  designing  more  powerful  pulsers  or  to  divide 
the  capacitive  load  among  additional  pulsers.  Additional  pulsers  could  be  used  to  advantage 
by  increasing  the  scan  rate  and/or  to  increase  echo  amplitude  by  eliminating  a  stage  of 
receiving  multiplexing. 

The  decision  was  made  to  modify  the  original  pulser  rather  than  fabricate  additional 
pulsers  since  this  was  the  original  plan,  and  little  time  and  funds  remained  in  the  contract 
extension  period. 

What  happened  next  was  a  series  of  events  which  significantly  complicated 
construction,  packaging,  and  trouble-shooting  and  repair  of  the  hand  electronics  because  the 
old  printed  circuit  board  for  the  pulsers  was  retained.  In  hind  sight,  most  of  the  problems 
mentioned  above  could  have  been  either  reduced  or  eliminated  entirely  if  the  pulsers  were 
totally  redesigned,  including  their  printed  circuit  board. 

Instead,  the  old  board  was  used  because  it  already  had  the  appropriate  connections 
and  wire  routing  for  the  sensor  leads.  Leaded  components  for  the  pulser  electronics  were 
purchased  since  delivery  of  the  proper  surface-mount  components  would  take  too  long.  The 
leaded  components  were  much  larger  and  were  incompatible  with  the  circuit  board. 
Consequently,  the  pulser  circuits  grew  in  the  z-direction.  That  is,  self-supporting  circuits  were 
constructed  vertically  from  the  circuit  boards.  Being  self-supporting,  the  circuits  were  fragile. 
During  construction,  trouble  shooting  or  repair,  surrounding  circuitry  could  be  easily 
damaged.  Moreover,  since  the  receiving  multiplexing  boards  were  mounted  beneath  the 
pulser  board,  these  could  not  be  trouble-shot  or  repaired  without  partially  removing  the  pulser 
board  circuitry. 

There  were  two  consequences  of  this  type  of  construction.  The  first,  mechanical 
fragility  of  the  pulser  electronics  was  described  above,  but  still  needs  to  be  stressed.  The 
second  was  that  the  installation  of  the  remaining  two  multiplexer  boards  was  impractical  due 
to  the  damage  this  process  would  cause. 


Task  4— Interface  Board  Address 

A  scheme  for  increasing  the  addressing  capability  of  the  tactile  sensor  system  interface 
board  was  developed.  However,  this  scheme  was  irrelevant  to  the  new  interface  that  had  to 
be  used  to  remove  communications  from  the  VME  bus,  as  requested  by  the  Air  Force. 

Task  5— Increase  Receiver  Gain 

The  goal  of  this  task  was  to  modify  the  existing  tactile  sensor  electronics  so  that  a 
greater  range  of  echo  signal  amplitudes  could  be  detected.  The  existing  electronics  were 
limited  at  the  high  end  by  saturation  effects.  Echoes  that  were  too  large  would  cause  an 
amplifier  in  the  detection  circuit  to  saturate,  thereby  erroneously  triggering  the  time-of-flight 
detector.  Consequently,  the  echo  signal  amplifier  gain  had  to  be  set  low  enough  so  that  no 
echo  signal  would  be  large  enough  to  cause  saturation.  The  lower  detection  limit  was 
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determined  by  the  noise  levei  in  the  electronics.  The  result  was  that  only  a  rather  narrow 
range  of  echo  signal  amplitudes  would  be  reliably  detected. 

Amplifiers  with  a  logarithmic  gain  characteristic  were  investigated,  along  with  an  echo 
signal  amplifier  having  much  greater  gain  and  higher  signal-to-noise  ratio  than  the  one  used 
in  the  current  tactile  sensor  system.  This  amplifier  clipped  at  large  signal  levels,  but  did  not 
saturate.  In  conjunction  with  this  amplifier,  the  zero-crossing  detector  was  also  modified  so 
that  it  was  unaffected  by  either  amplifier  saturation  or  clipping.  These  two  modifications 
allowed  much  greater  amplifier  gains  to  be  used. 

The  logarithmic  amplifiers  investigated  were  inferior  to  this  amplifier. 

This  new  receiving  amplifier  was  first  implemented  and  evaluated  with  leaded 
components,  then  fabricated  in  surface-mount  form  for  testing  the  tactile  sensors.  Its  layout 
can  be  seen  in  Figure  17,  just  to  the  left  of  the  "+5v"  and  "GND”  bonding  pads  at  the  right 
of  the  figure. 


During  the  contract  extension  period,  it  was  discovered  that  the  original  receiving 
amplifier  was  clipping  the  peaks  of  the  stronger  echo  signals.  This  clipping  significantly 
reduced  the  signal-to-noise  ratio  of  the  detection  channel.  Significant  effort  was  spent  in 
designing  and  trouble-shooting  a  new  amplifier  circuit.  The  design  of  this  amplifier  presents  a 
challenge.  It  must  have  very  high  gain  and  low  noise  while  extremely  rapidly  recovering  from 
overload  by  the  excitation  pulse.  A  new  amplifier  was  successfully  developed  which  met  the 
above  requirements  and  was  superior  to  the  old  amplifier. 


Test  Fixture 

Because  the  sensor  electronics  were  substantially  upgraded  during  the  course  of  this 
contract,  we  lost  our  benchmark.  That  is  to  say,  tactile  sensor  arrays  that  may  have 
unacceptable  performance  when  used  with  the  old  electronics  may  work  quite  well  with  the 
new.  Therefore,  we  needed  to  try  the  UMDH  sensors  with  the  new  electronics  so  that 
unnecessary  effort  would  not  be  spent  on  needless  sensor  development.  We  also  needed  a 
convenient  method  for  checking  out  the  sensor  arrays  as  they  were  mounted  on  the  hand. 
Viewing  echo  signals  on  an  oscilloscope  for  several  hundred  tactile  elements  was  not  a 
convenient  method. 

Consequently,  we  implemented  a  test  fixture  consisting  of  the  new  sensor  electronics  in 
a  configuration  that  could  operate  the  maximum  array  size  used  on  the  UMDH  (i.e.  14  x  24). 
Figure  1 7  shows  the  component  side  of  the  circuit  board  layout  for  the  24  multiplexing 
channels  and  the  receiving  amplifier  used  in  the  test  fixture.  The  hole  pattern  near  the  center 
of  the  board  is  for  a  30-pin  edge  connector.  The  scale  in  Figure  12  is  4:1.  Figure  18  shows 
the  component  side  of  the  excitation  board  used  in  the  test  fixture.  This  board  was  designed 
to  accommodate  up  to  16  excitation  channels  even  though  only  14  are  required. 

The  entire  system  for  testing  the  sensors  consisted  of  the  following  components.  The 
test  fixture  itself  which  was  a  small  box  containing  the  pulsers,  receiving  multiplexers  and 
amplifier.  Small  cables  connected  this  box  to  a  second  box  containing  the  zero-crossing 
detector,  the  time-of-flight  circuitry,  and  the  state  machine  for  operating  the  sensor.  A  cable 
from  this  second  box  terminated  at  a  digital  I/O  board  in  a  PC-type  microcomputer.  This 
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FIGURE  17,  Component  side  of  24-channel  receiving  board 
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microcomputer  controlled  the  operation  of  the  tactile  sensor  and  provided  images  of  the  tactile 
data. 

The  test  fixture  was  fabricated,  interfaced  to  the  PC,  and  was  debugged.  Initially,  the 
operation  of  this  system  was  erratic  and  some  channels  were  very  noisy.  The  problem  was 
due  to  be  poor  solder  joints  made  when  transistors  used  in  the  pulser  circuits  were  replaced  by 
units  having  greater  gain.  The  performance  of  these  electronics  was  evaluated  using  a  flat,  16 
X  16  element  array.  Sensor  performance  was  vastly  superior  to  that  obtained  with  the 
previous  electronics.  Sensitivity  was  greatly  increased  and  noise  decreased.  Figure  19  shows 
the  tactile  image  obtained  from  a  washer  using  the  test  fixture  and  16  x  16  sensor.  The  left- 
to-right  force  gradient  across  the  washer  is  apparent  in  this  figure  as  well  as  low  noise  (all  non- 
con  tacted  taxels  are  "off). 

Even  though  the  sensor  electronics  performed  beyond  expectations,  a  slight  change  was 
made  in  the  receiving  amplifier  to  further  increase  the  signal-to-noise  ratio.  Since  this  change 
involved  the  elimination  of  a  transistor  and  the  use  of  a  higher  bias  voltage,  already  available 
in  the  VME-bus  card  cage,  it  was  almost  "free". 

After  evaluation,  adapter  cables  were  designed  and  fabricated  to  allow  the  sensors  for 
the  UMDH  to  be  connected  to  the  test  fixture. 

This  test  fixture  set-up  allowed  the  new  electronics  to  be  evaluated  and  also  provided  a 
means  for  testing  the  tactile  arrays  both  after  they  were  first  assembled  and  again  when  they 
were  installed  on  the  digits.  This  latter  benefit  was  achieved  through  the  display  of  tactile 
images  on  the  PC. 

In  the  final  version  of  the  system  electronics  for  the  hand,  the  functions  provided  by 
the  test  fixture  are  performed  by  electronics  housed  on  the  top  of  the  remotizer,  just  proximal 
to  the  hand.  The  functions  provided  by  the  second  box  in  the  test  fixture  are  performed  by 
electronics  housed  in  the  VME  enclosure. 

Junction  Box 

A  "Junction  box"  was  designed  to  connect  the  twelve  flex-circuit  cables  which  exit  the 
four  digits  of  the  hand  with  the  cables  from  the  receiving  multiplexer  and  pulser  circuit 
boards.  This  box  is  1  1/2"  wide  by  3"  long  by  3/4"  high  and  fits  on  the  back  of  the  hand, 
proximal  to  the  base  of  the  digits.  The  flex-circuit  cables  from  the  fingers  are  anchored  within 
the  box.  Conventional  wires  are  soldered  to  the  flex-circuit  cable  bonding  pads  and  terminate 
in  miniature  connectors  on  the  multiplexer  and  pulser  boards  which  are  mounted  in  a  box  on 
the  remotizer.  This  box  is  3"  x  5"  x  3/4"  high. 


After  the  pulsers  were  changed  to  drive  the  larger  capacitive  load  presented  by  the 
redesigned  tactile  sensors,  the  height  of  the  electronics  box  had  to  be  increased,  by  about  an 
inch. 


A  simple  cable  tensioning  mechanism  was  designed  for  mounting  at  the  junction  box 
in  order  to  prevent  loops  from  forming  at  the  joints  in  the  fingers.  The  Air  Force  stated  its 
concern  that  this  device  would  add  "unmodeled  compliance"  to  the  mechanics  of  the  hand.  It 
was  later  discovered  that  this  mechanism  was  not  required. 
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Figure  19.  Tactile  Image  of  a  washer  Using  the  Test  Fixture 


Task  6-Install  in  Existing  Electronics  ■  r 

The  remaining  sensor  system  electronics  consists  of  the  zero-crossing  detector,  time-ot- 
flight  detector,  a  small  state  machine,  glue  logic,  and  pulser  power  supply  module.  These 
circuits  were  implemented  on  a  VME  wire-wrap  circuit  board.  This  board  is  housed  next  to 
the  68020  single-board  computer  (SBC)  in  the  VME  enclosure,  but  does  not  communicate 

over  the  VME  bus.  .  .  „  ,  ,  ,  j  cn 

The  planned  tactile  sensor  system  for  the  UMDH  originally  would  have  used  a  60- 

conductor  cable  emanating  from  the  sensor  electronics  on  the  remotizer  and  terminating  at  a 
circuit  board  in  the  VME-bus  card  cage.  Besides  the  improvements  made  m  the  sensor 
electronics  during  the  course  of  this  contract,  the  electronics  were  reconfigured  to  reduce  the 
size  of  the  interconnecting  cable.  This  was  achieved  by  relocating  the  zero-crossing  and  time- 
of-flight  detectors  from  the  vicinity  of  the  sensor  to  the  SBC  card  cage,  and  connecting  the 
two  sets  of  electronics  with  an  analog  signal  link.  This  change  also  made  it  possible  to 
eliminate  the  opto-isolators  which  were  located  at  both  ends  of  the  original  60-conductor  cable 
so  that  cable  size  was  drastically  reduced. 

Task  7-Test  and  Debug  Electronics 

The  sensor  system  electronics  under  went  testing  as  circuit  details  were  developed  and 
when  prototypes  were  constructed;  then  again  when  finished  circuit  boards  were  fabricated. 
The  pulsers,  multiple.xers,  echo  amplifier,  zero-crossing  detecmr,  and  time-of-flight  detector 
were  used  repeatedly  in  the  test  fi.xture.  Many  of  these  circuits  were  also  used  in  other  tacti  e 
sensor  systems  for  well  over  a  year.  There  were  no  component  failures  during  this  period. 

All  sensor  system  electronics  were  tested  and  debugged  separately  before  being 
connected  to  the  68020  and  the  tactile  sensor  cables. 

To  facilitate  both  the  testing  of  the  redesigned  tactile  sensors  after  mounting  on  the 
hand  and  the  testing  of  the  sensor  electronics,  we  decided  to  use  the  test  fixture  PC,  interface 
boards  and  software  for  operating  the  hand's  sensors  and  electronics.  This  simplified  testing 
because  the  PC  and  interface  is  known  to  work  well  and  it  eliminates  the  comple.xity  of  the 
Sun  workstation,  bus  coupler  and  68020  microcomputer  board  from  the  system,  along  with 
the  use  of  the  rather  untried  software.  A  custom  cable  was  fabricated  to  interface  the  PC  to 

the  hand-mounted  sensor  electronics.  ...  ,  • 

A  great  deal  of  work  was  devoted  to  reducing  electrical  noise  in  the  system  electronics. 

A  large  number  of  changes  were  made  in  shielding  and  grounding.  These  changes  greatly 
reduced  the  noise  level  on  the  receiving,  transmitting,  power  supply,  and  addressing  lines. 


Documentation 

Further,  detailed  documentation  of  the  sensor  system  electronics  appears  in 
Appendix  3. 


Objective  4— Tactile  Sensor  System  Software 

This  objective  and  the  associated  tasks  are  from  the  Phase  II  proposal  in  which  two 
68000-based  single  board  computers  (SBC's)  were  to  be  used  for  operating  the  tactile  sensors. 


44 


These  two  computers  were  to  communicate  with  their  respective  interface  boards  over  the 
VME  bus.  This  computer  system  would  be  accessed  through  a  computer  terminal  connected 
to  the  RS-232  serial  interface  port  on  one  of  the  SBC's.  This  proposed  approach  m^imally 
utilized  existing,  tested  computer  interface  designs  and  software  for  operating  the  tactile 
sensors.  Development  of  new  software  was  proposed  for  the  graphical  display  of  tactile 
images.  A  glance  at  these  images  would  quickly  tell  which  elements  in  the  tactile  array  were 
operative  and  which  were  not.  From  experience,  Bonneville  felt  strongly  that  with  over  three 
thousand  tactile  elements  on  the  hand  that  this  feature  was  important  for  both  the  initial 
trouble-shooting  stage  of  this  project  as  well  as  later,  during  its  routine  use  of  the  hand. 

Half-way  through  the  Phase  II  contract  period,  a  contract  modification  was  issued 
which  eliminated  this  objective  for  developing  the  data  display  software  and  changed  the 
computer  hardware  and  overall  computer  architecture  for  the  tactile  sensor  system. 

Therefore,  the  four  tasks  listed  below  from  the  Phase  II  proposal  are  largely  irrelevant. 

Task  1 -Increase  Addressing 

Task  2-Bus  Sharing 

Task  3— Group  Tactile  Data 

Task  4-Display  Tactile  Data 

The  new  architecture  utilized  a  Sun  SPARGstation  computer,  which  would  host  a 
VME-bus-compatible  68020  SBC.  The  SBC  would  operate  the  tactile  sensors  and  the 
SPARCStation  would  communicate  with  the  SBC  via  a  Bit-3  bus  coupler.  Unlike  the 
proposed  system,  the  SBC  was  required  to  have  a  tactile  sensor  electronics  interface  which  did 

not  utilize  the  VME  bus. 

Hardware 

Interface  Board.  The  interface  board  is  responsible  for  controlling  the  tactile  sensor 
"front-end  electronics",  echo  detection,  and  communications  between  the  tactile  sensors  and 
the  68020  SBC.  It  is  important  to  note  that  the  interface  board  does  not  directly  use  the 
VME  bus  for  communications  between  the  tactile  sensors  and  the  68020  SBC.  This 
communications  is  accomplished  by  utilizing  the  P2  connector's  user-defined  pins  on  the  J2 
backplane.  Consequently,  there  are  no  VME  bus  bandwidth  reductions  due  to  tactile  sensor 
communications.  The  communications  protocol  is  implemented  via  a  standard  68230  PIT  on 
the  68020  SBC  to  provide  a  bi-directional  16-bit  link  between  the  SBC  and  the  interface 

board.  .  •  j  ■ 

The  tactile  sensor  state  machine  and  interface  controller  were  combined  into  one  state 

machine  for  handling  both  communications  with  the  68230  parallel  interface  and  for 
controlling  the  tactile  sensor.  The  interface  board  also  contained  the  zero-crossing  and  the 
time-of-flight  detectors. 

The  interface  board  was  designed  using  a  CAD  system  which  supported  both 
schematic  capture  and  simulation.  After  the  initial  design  was  completed,  the  board  was  wire- 
wrapped  onto  a  single  standard  6U  wire-wrap  card.  Throughout  the  wire-wrap  process, 
methods  were  used  to  help  ensure  the  accuracy  of  the  connections  and  thus  further  reduce  the 
time  required  for  debugging  the  board.  Also,  the  board  was  wire-wrapped  and  debugged  in 
sections  to  help  modularize  the  process.  This  wire-wrap  board  resides  in  the  VME  enclosure, 

next  to  the  68020  SBC. 
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Upon  completion  of  the  interface  board,  one  problem  was  discovered  at  the  very  end 
of  the  trouble  shooting  process.  When  the  logic  analyzer  probes  were  removed  from  one  of 
the  circuits,  the  board  ceased  to  function  properly.  The  problem  was  traced  to  an  assumed 
internal  difference  between  the  two  types  of  counters  that  could  be  used  a  particular  circuit. 
Changing  from  74F163's  to  74F16rs  solved  the  problem  even  though  these  parts  are  reported 
by  the  manufacturer  to  have  equivalent  timing  parameters. 

Radstone  PME68-26  68020  SBC.  The  68020  board  is  responsible  for  directly 
controlling  the  tactile  sensors,  and  acquiring  and  storing  the  data  from  them.  All  data 
acquired  from  the  sensors,  including  those  for  calibration  purposes,  are  stored  in  the  on-board 
dual  port  RAM  for  the  SBC. 

The  only  work  done  to  this  board  were  those  procedures  necessary  to  configure  the 
SBC  to  run  with  the  target-level  debugger  and  the  Bit-3  bus  coupler.  This  involved  setting 
jumpers  on  the  SBC  itself.  Note  that  these  procedures  are  documented  in  the  Radstone 
manual  for  the  board. 

Bit-3  coupler  f68020  &  Sun  SPARC  sides').  The  bus  coupler  consists  of  two  circuit 
boards~one  that  plugs  into  a  connector  on  the  VME  bus  and  one  that  plugs  into  the 
SPARCstation's  S-bus  connector.  The  two  boards  are  interconnected  via  a  25-foot-long  cable. 
These  two  boards  allow  the  sun  SPARCstation  to  communicate  with  the  68020  SBC  via  the 
VME  bus.  The  only  procedures  that  were  necessary  for  establishing  this  communications  link 
through  the  bus-coupler  were  those  in  the  installation  instructions. 

Software 

Embedded  code  f68020  SBCl  The  bulk  of  the  software  effort  was  consumed  by  the 
writing  of  the  embedded  code  for  the  68020  SBC.  This  code  has  all  of  the  responsibility  for 
operating  the  tactile  sensors  in  response  to  commands  sent  from  the  sun  SPARCstation.  The 
code  accepts  the  following  commands  from  the  SPARCstation: 

1 .  STOP  -  In  response  to  this  command,  the  operation  currently  being  executed 
will  stop  when  it  is  finished. 

2.  START  -  This  command  begins  the  scanning  of  the  arrays  and  the  storing  of 
data  returned  from  the  sensors. 

3.  CALIBRATE  -  When  this  command  is  issued,  time-of-flight  values  are  gathered 
and  stored  for  use  in  zeroing  the  sensor.  This  operation  is  normally  done  when 
the  sensors  are  unloaded. 

4.  STOP  IMMEDIATE  -  This  command  immediately  halts  the  current  sensor 
operation,  regardless  of  what  that  operation  is. 

5.  RESET  -  This  command  resets  the  frame  counters. 

Additional  commands  can  be  easily  added. 

SPARCstation  Code.  The  software  on  the  SPARCstation  was  written  strictly  to  test 
the  basic  functionality  of  the  embedded  C  code.  It  is  a  minimal  program.  Basically,  this 
program  prompts  the  user  for  keystrokes  and  then  calibrates,  starts  and  stops  the  scanning  of 
the  sensors  in  response  to  these  keystrokes.  Following  the  above  sequence,  the  program  then 
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retrieves  the  entire  circular  buffer  of  data  from  the  68020  SBC  and  displays  it  on  the 
SPARCstation’s  screen.  Note  that  this  is  a  very  elementary  test. 

Most  of  the  testing  of  this  software  and  the  embedded  C  code  was  performed  using  the 
entire  hardware/software  system  except  for  the  tactile  sensors  themselves.  The  results  of  these 
tests  were  all  favorable.  Limited  testing  was  conducted  with  the  tactile  sensors  connected  to 
the  electronics.  No  failures  or  "bugs"  were  experienced.  It's  highly  unlikely  that  the  addition 
of  the  sensors  would  effect  of  the  rest  of  the  system. 


Software  was  written  for  displaying  the  raw  time-of-flight  data  from  the  tactile  sensors. 
In  this  primitive  display,  the  time-of-flight  values  are  presented  in  patterns  which  approximate 
the  outline  of  the  corresponding  tactile  array.  There  is  a  direct  correspondence  between  the 
taxel  location  in  the  array  and  the  position  of  the  time-of-flight  value  on  the  screen  of  the 
workstation. 


Documentation 

All  software  developed  by  Bonneville  Scientific  for  this  contract  contains  embedded 
documentation. 


Objective  5— Tactile  Sensor  System  Evaluation 

Meaningful  evaluation  of  the  tactile  sensor  system  for  the  UMDH  did  not  occur  during 
the  first  24  months  of  this  Phase  II  contract.  When  the  system  was  complete  and  all 
interconnections  were  made,  there  were  no  indications  that  valid  time-of-flight  (TOP)  data 
were  being  sent  to  the  SUN  workstation.  System  comple.xity  made  it  difficult  to  determine 
whether  the  problem  or  problems  were  with  the  sensors,  sensor  electronics,  computers,  bus 
couplers,  or  software. 

However,  it  was  rather  quickly  established  that  echo  signals  were  not  being  detected 
and  that  there  were  problems  with  the  sensors  and/ or  their  cabling.  Efforts  to  quantitate 
these  problems  are  described  under  Objective  1,  Task  1— Sensor  Evaluation  results  since  the 
problems  identified  were  primarily  with  the  sensors. 

Other  problems,  either  identified  or  suggested,  were  that  the  pulsers  were  not 
adequately  driving  their  capacitive  load  and  the  shielding  and  grounding  of  the  sensor  cabling 
were  inadequate.  Problems  higher  up  in  the  system  were  not  identified  because  they  were  not 
looked  for.  In  order  to  conduct  the  limited  trouble-shooting  of  the  sensors  and  their 
associated  electronics,  the  computer  system  was  either  not  used  or  minimally  used. 

The  redesigned  tactile  sensors  were  tested  after  fabrication,  then  again  after  installation 
on  the  digits  of  the  hand.  All  elements  were  functional  before  installation  on  the  hand.  After 
installation,  some  elements,  typically  those  near  the  edges  of  the  sensors  where  the  wrap- 
around  and  planar  sensors  meet,  had  small,  subthreshold  echoes.  This  was  determined  with 
the  PC  operating  the  sensors  in  conjunction  with  the  hand-mounted  sensor  electronics. 

No  quantitative  assessment  of  tactile  sensor  operation  could  be  made  after  sensor 
control  was  switched  over  the  68020  microprocessor  and  Sun  workstation  computer. 
Operation  of  the  sensors  was  verified  by  viewing  the  displayed  time-of-flight  values  and 
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witnessing  their  change  as  the  sensors  were  palpated.  However,  the  extremely  rapid  up-date 
rate  of  the  workstation's  display  made  quantifying  time-of-flight  changes  almost  impossible. 


GONTR.\CT  MODinCATION 

On  28  January  1992  this  contract  was  modified  to  better  meet  the  Air  Force's 
requirements  concerning  the  microprocessor  architecture  used  to  operate  the  tactile  sensors 
and  for  including  a  computer  workstation  for  overall  control  of  the  tactile  sensor  system.  The 
modified  statement  of  work  for  this  contract  appears  in  Appendix  7. 


CONTRACT  EXTENSION 

On  15  September,  1993  this  24-month  contract  was  officially  extended  for  an 
additional  nine  months.  This  e.xtension  was  based  upon  Bonneville  Scientific's  proposal  to  the 
Air  Force  (Appendix  8).  The  immediate  goal  of  this  extension  was  to  more  fully  determine 
the  extent  and  causes  of  failures  in  the  tactile  sensors  first  installed  on  the  UMDH  and  then  to 
decide  whether  design  changes  could  be  made  which  would  reduce  or  eliminate  the  sources 
sensor  failure.  If  such  designs  could  be  conceived  and  were  deemed  sufficiently  practical,  then 
a  tactile  sensor  would  be  fabricated  based  upon  these  designs  and  evaluated. 

Successful  evaluation  of  this  sensor  would  then  lead  to  the  fabrication,  testing,  and 
installation  on  the  hand  of  additional  sensors.  Sensors  would  be  constructed  and  installed  in  a 

prioritized  order.  This  order  was: 

a.  Finger-tip  segment  of  the  index  finger 

b.  Finger-tip  segment  of  the  thumb 

c.  Medial  segments  of  the  index  finger  and  thumb 

d.  Finger-tip  and  medial  segments  of  the  third  finger 

e.  Proximal  segments  of  the  above  three  digits 

f.  All  four  digits. 

The  resources  remaining  available  would  determine  how  far  down  this  list  we  would  be  able 
to  proceed. 

Addition  tasks  to  be  conducted  during  the  e.xtension  were:  debug  sensor  electronics 
(including  noise  reduction),  install  thinner  rubber  coverings  for  the  sensors,  integrate  the 
computer  systems  with  the  sensor  electronics,  generate  software  for  a  primitive  display  of  the 
tactile  data,  and  complete  systems  burn-in  and  debug. 


CONCLUSIONS 

By  the  time  that  the  financial  resources  were  depleted  for  this  research  project, 
Bonneville  Scientific  had  mounted  16  out  of  the  target  value  of  25  tactile  sensor  arrays  (there 
are  two  arrays  per  sensor— a  planar  and  a  wrap-around  array).  Out  of  these  18  that  were 
mounted,  12  were  connected  to  the  electronics  and  are  fully  operational.  These  12  arrays  are 
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mounted,  12  were  connected  to  the  electronics  and  are  fully  operational.  These  12  arrays  are 
on  the  index  finger  and  thumb  of  the  hand.  The  remaining  four  arrays  are  on  the  finger  tips 
of  the  other  two  digits  and  could  be  wired  to  the  electronics  at  a  future  date. 

Because  of  the  design  used  in  the  sensors,  it  is  possible  to  repair  them  if  the  failure 
mode  is  one  that  was  identified  during  the  "autopsy"  of  the  original  sensors.  It  is  also  possible 
to  remove  and  replace  the  sensors  if,  for  example,  a  tendon  needs  to  be  replaced  in  the  digit. 

The  tactile  sensor  system's  support  electronics  are  much  improved  over  those  that  were 
originally  proposed  and  budgeted  for.  This  improvement  occurred  because  of  Bonneville's 
desire  to  provide  the  best  system  possible  and  by  on-going  research  in  related  contracts,  as 
well  as  by  improvements  made  in  Bonneville  Scientific's  commercial  tactile  sensor  systems.  It 
was  not  possible  to  incorporate  all  of  these  improvements.  Others  are  mentioned  in  the 
"Recommendations"  section. 


RECOMMENDATIONS 

The  following  is  a  list  of  recommendations.  Some  of  these  are  for  improving  the 

performance  of  the  tactile  sensor  system,  others  deal  with  safety  issues  and,  in  general,  advice 

on  using  the  system. 

1.  The  current  echo  detection  scheme  uses  a  fixed  (although  adjustable)  threshold  level. 
This  level  is  empirically  set  so  that  it  is  just  above  the  noise  level  in  order  to  reliably 
detect  the  smallest  echo  possible.  Since  there  is  wide  variability  in  echo  amplitude 
during  use,  replacing  the  current  detector  with  one  having  an  adaptive  threshold  will 
provide  substantially  increased  performance.  This  was  borne  out  in  Bonneville’s 
commercial  tactile  sensor  systems.  Changing  to  this  type  of  detector  would  require  a 
change  in  the  controlling  software  so  that  each  tactile  element  is  pulsed  twice  in 
succession  (The  echo  from  the  first  pulse  is  used  in  setting  the  threshold  value.).  Also, 
only  the  time-of-flight  value  due  to  the  second  pulse  would  be  saved  in  memory. 

2.  The  pulser  board  in  the  hand-mounted  electronics  enclosure  should  be  completely 
rebuilt  using  a  new  printed  circuit  board  and  suitable  surface-mount  components.  This 
will  make  the  pulser  electronics  vastly  more  rugged  (and,  therefore,  reliable),  reduce  the 
overall  sensor  noise  level,  and  greatly  reduce  the  size  of  these  electronics.  This 
resulting  size  reduction  will  make  it  practical  to  mount  the  other  two  multiplexer 
boards  in  the  enclosure  so  that  the  other  four  arrays  on  the  finger  tips  can  be  used. 

3.  Array  scan  patterns  which  use  the  same  pulser  several  times  in  succession  may  result  in 
overheating  of  the  pulser  components.  Such  scan  patterns  should  be  avoided. 

4.  Multiple  echoes  occur  in  the  tactile  sensors  because  the  ultrasonic  pulse  is  multiply 
reflected  by  the  outer  surface  of  the  rubber  covering  and  the  sensor  substrate.  If  the 
second  or  third  echo  in  this  sequence  is  sufficiently  large,  and  if  the  sensors  are 
scanned  at  a  very  high  rate,  then  the  second  or  third  echo  of  a  previously  pulsed 
element  may  be  erroneously  detected  as  the  echo  from  the  currently  pulsed  element. 
The  only  way  to  make  absolutely  sure  that  this  will  never  occur  is  to  use  a  scan  rate 
sufficiently  slow  to  allow  the  multiple  echoes  to  die  out  (e.g.  about  80,000  times  a 
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second,  or  less).  This  rate  could  be  doubled  if  another  set  of  14  pulsers  were  used.  By 
doubling  the  number  of  pulsers  and  connecting  only  half  the  sensors  to  each  bank  of 
pulsers,  a  sensor  connected  to  one  bank  could  be  pulsed  while  the  multiple  reflections 
axe  dying  down  in  the  other  bank. 

5.  Try  to  avoid  placing  large  forces  near  the  edges  of  the  arrays-where  the  planar  and 
curved  arrays  meet.  There  are  bonding  pads  near  some  of  these  edges.  Therefore, 
high  forces  may  break  connections.  This  is  the  proverbial  rock  and  a  hard  place 
situation.  Connections  on  the  original  sensors  were  protected  by  placing  them 
underneath  the  sensors.  This  made  repair  almost  impossible.  Exposing  the 
connections  as  they  are  now  facilitates  repair  but  also  makes  them  more  vulnerable. 

5.  The  sensor  system  should  very  accurately  measure  displacement  of  the  rubber  sensor 
coverings  Putchings,  et  al.  1994].  However,  the  accuracy  of  the  force  values 
calculated  from  the  displacement  measurements  depends  upon  how  accurately  the 
mechanical  response  of  the  rubber  covering  is  modeled.  If  the  rubber  is  simply 
assumed  to  be  a  linear  spring  so  that  the  applied  force  is  equal  to  the  change  in 
covering  thickness  times  rubber  stiffness,  then  only  rubber  stiffness  needs  to  be  known. 
The  stiffness  of  the  rubber  over  each  tactile  element  is  not  constant  since  the  area  of 
the  tactile  elements  vary.  Larger  elements  have  a  greater  amount  of  rubber  over  them. 
More  accurate  determination  of  force  characteristics  can,  of  course,  be  made  by 
applying  known  forces  over  individual  tactile  elements  and  recording  the  resulting 
rubber  displacement  as  indicated  by  the  tactile  sensor  system.  However,  because  of 
the  rather  complex  rubber  geometry  and  the  fact  that  the  rubber  is  incompressible  (it 
bulges  upward  when  "compressed"),  the  rubber  coverings  should  be  modeled. 

7.  Contact  along  the  edges  at  the  sides  of  the  sensors  can  be  detected  by  the  increase  in 
rubber  thickness  over  tactile  elements  on  either  side  of  the  edge. 

8.  The  principle  effect  of  temperature  changes  on  the  sensors  is  an  e.xpansion  of  the 
rubber  and  a  decrease  in  the  speed  of  sound  wito  increasing  temperature.  The 
somewhat  long  term  effects  of  environmental  temperature  changes  can  be  compensated 
by  periodically  re-zeroing  the  sensor  system  when  nothing  is  contacting  tactile  sensors. 
Rubber  stiffness  changes  very  little  with  even  moderate  temperature  changes. 
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SENSING  TECHNOLOGY 


The  force  measuring  technique  used  in  Bonneville  Scientific's  tactile  sensors  is  based 
upon  ultrasonic  pulse-echo  ranging  to  determine  the  change  in  thickness  of  a  compliant 
rubber  pad  compressed  by  an  applied  force.  Pad  thickness  is  determined  from  the  time  it 
takes  an  ultrasonic  pulse  to  traverse  the  pad  and  return  to  the  transducer.  From  this  time 
interval  measurement,  knowledge  of  the  speed  of  sound  in  the  pad,  and  knowledge  of  the 
pad's  modulus  Cue.,  for  rubber,  the  force  required  to  produce  a  particular  compression)  the 
force  deforming  the  pad  can  be  calculated.  In  order  to  accurately  and  consistently  measure 
the  small  time  changes,  the  ultrasonic  transducer  is  operated  at  a  high  frequency  and  has  a 
high  degree  of  mechanical  dampening.  This  eliminates  ringing  of  the  transducer  which  could 
mask  reception  of  the  echo  signal  and  allows  a  simple  detection  scheme  such  as  threshold  or 
zero-crossing  detection  to  be  used  for  accurately  measuring  the  echo  time  interval.  Based 
upon  these  considerations  as  well  as  the  advantages  it  offers  in  array  fabrication  and  its  low 
cost,  polyvinylidene  fluoride  (PVDF)  was  used  for  the  transducer  material. 

PVDF  is  a  thin-film  polymer  material  that  was  originally  manufactured  for  use  as  a 
protective  packaging  material.  Piezoelectric  PVDF  was  first  used  commercially  in 
loudspeakers.  Currently  it  is  finding  application  in  arrays  for  acoustic  imaging  is  closely 
parallel  to  ultrasonic  pulse-echo  imaging.  From  a  consideration  of  only  the  piezoelectric 
properties  of  PVDF  and  of  conventional  ceramic  transducers  such  as  lead  titanate-zirconate 
(PZT)  for  ultrasonic  pulse-echo  imaging  one  reaches  the  following  conclusions.  When  used  as 
a  transmitting  element  the  lower  stiffness  and  much  better  acoustic  match  to  the  load  fi.e.,  the 
rubber  pad)  with  PVDF  are  highly  desirable.  However,  PVDF  has  poor  coupling,  a  lower 
dielectric  constant,  and  high  dielectric  losses  which  reduce  its  potential  as  a  transmitter. 

When  PVDF  is  used  as  a  receiving  element,  its  low  stiffness  and  relatively  small  dielectric 
constant  make  it  a  better  receiver  than  transmitter.  However,  its  high  dielectric  losses 
significantly  degrade  the  signal-to-noise  ratio. 

When  the  non-piezoelectric  properties  of  PVDF  are  considered,  it  offers  great  potential 
in  our  force  sensor  arrays  and  has  the  following  advantages  over  PZT  transducers.  PVDF  is 
inexpensive,  rugged  and  flexible.  It  is  inherently  broadband  (low  mechanical  Q)  so  that, 
unlike  PZT,  no  matching  layers  are  required.  With  PVDF,  the  low  acoustic  cross  coupling 
through  the  material  provides  the  necessary  acoustic  isolation  of  the  array  elements.  To 
obtain  comparable  isolation  with  PZT,  individual  elements  must  be  sectioned  and  mounted  on 
a  backing  surface  or  saw-cuts  need  to  be  placed  between  elements.  Finally,  the  thin-film 
embodiment  of  the  piezoelectric  material  with  very  thin  layers  of  metalization  on  either 
surface  of  the  sheet  lends  itself  to  photoreproduction  and  photolithographic  techniques  for 
relatively  simple  transducer  design  and  replication. 

Figure  1  shows  a  schematic  representation  of  array  construction  and  the  basic  principle 
of  operation.  Metallized  PVDF  had  the  metalization  selectively  etched  from  one  surface  to 
leave  a  small  number  of  electroded  array  elements  along  with  leads  terminating  near  the  edge 
of  the  film. 
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Because  PVDF  has  a  low  mechanical  Q,  there  is  very  little  acoustic  coupling  from  an 
excited  element  to  neighboring  elements;  and  because  of  the  relatively  short  distances 
involved,  ultrasonic  beam  divergence  is  minimal.  Therefore,  the  echoes  do  not  appreciably 
spread  to  adjacent  elements. 

Force  sensing  arrays  with  a  large  number  of  sensing  elements  may  require  a  large 
number  of  lead  wires  to  exit  the  sensor  assembly.  An  array  with  n  elements  in  a  row  and  m 
elements  in  a  column  may  have  (n  x  m)+l  or  2(n  x  m)  leads.  This  results  in  a  complex  sensor 
design  with  a  bulky  cable  whose  mass  or  stiffness  may  cause  interference,  or  many  on-sensor 
switches  to  reduce  the  number  of  external  leads  required.  An  attractive  alternative  is  the  use 
of  cross-point  switching  techniques  where  only  one  lead  for  each  row  and  for  each  column  of 
elements  is  required.  This,  in  principle,  reduces  the  number  of  leads  to  n  +  m.  However,  in 
practice,  spurious  coupling  among  force  sensor  elements  either  prevents  the  use  of  cross-point 
switching  or  requires  extensive  mathematical  processing  of  each  sensing  element  signal  to 
isolate  it  from  the  effect  of  its  neighbors. 

Bonneville  has  developed  a  solution  to  the  cross-point  switching  problem  by  using 
separate  PVDF  layers  -  one  for  transmitting  and  one  for  receiving  -  that  are  electrically 
isolated  but  strongly  acoustically  coupled.  Figure  2  shows  a  schematic  of  this  arrangement 
where  the  transmitting  elements  are  row-elements  on  the  top  metallized  surface  of  one  PVDF 
layer  and  the  receiving  elements  are  column-elements  on  the  bottom  surface  of  the  lower 
PVDF  layer,  and  both  layers  are  shielded  by  ground  planes.  The  array  operates  in  a  fashion 
similar  to  cross-point  switching  but  with  greatly  improved  performance.  In  operation,  a 
transmitter  row  is  selected  and  energized  while  the  desired  receiver  column  is  selected  and 
connected  to  the  receiving  amplifier.  The  transmitter  element  radiates  a  rectangular 
ultrasonic  pulse  the  same  shape  as  the  element  (see  Figure  3).  When  this  pulse  is  reflected 
from  the  surface  of  the  elastomeric  sheet,  a  portion  of  it  is  received  by  each  of  the  receiving 
elements.  By  only  detecting  the  echo  at  one  particular  receiving  element,  signals  are  only 
received  from  objects  directly  above  the  region  common  to  the  transmitter  row  and  receiver 
column.  This  arrangement  also  eliminates  receiving  amplifier  overload  so  that  the  amplifier  is 
capable  of  detecting  echoes  sooner.  Therefore,  thinner  elastomeric  sheets  can  be  used  over 
the  array  elements. 
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FIGURE  3.  Beam  Patterns  for  Sensor  Shown  in  Figure  6. 

T:  Transmitting  Row;  R:  Receiving  Column;  S;  Substrate; 
E:  Elastomer.  Beam  Intersection  (Cross-Hatched)  Defines 
the  Tactile  Sensitive  Area. 


THIS  PAGE 
INTENTIONALLY 
LEFT  BLANK 


58 


APPENDIX  1 


Trade  Study 
and 

Software  Cost  Estimate 


59 


APPENDIX  1 


TO:  Capt.  Ammon  Wright 

mOM:  Allen  R.  Grahn,  Bonneville  Scientific 

DATE:  April  9,  1991 

Contract  No.  F41624-91-C-6001,  "Anthropomorphic  Cutaneous 

Tactile  Sensing  on  Dexterous  Mechanical  Hands"  (Kick-off  Meeting  Follow-up) 


This  memorandum  provides  information  on  1)  the  practicality  of  a  single  68020- 

microcomputer  board  replacing  the  two  68000  boards  in  the  Bonneville  Scientific  tactile 

sensor  system,  and 

2)  the  manpower  and  costs  for  developing  software  for  this  system. 

1.  The  Air  Force  expressed  concern  that  the  communications  over  the  VME  bus  between 
Bonneville’s  microprocessors  and  interface  boards  would  severely  restrict 
communications  among  other  devices  utilizing  the  bus.  Consequently,  as  agreed  to, 
Bonneville  Scientific  conducted  a  trade  study  to  determine  whether  a  VME-bus  68000- 
family  microprocessor  board  was  available  with  a  built-in  parallel  interface  appropriate 
for  Bonneville’s  tactile  sensors.  A  board  configured  in  this  way  would  avoid  the  VME 
bus  traffic  now  required  for  communications  with  the  interface  board. 

It  was  also  decided  that  this  board  should  have  a  real-time  clock  and  dual-ported 
memory  to  facilitate  integration  with  the  Sun  workstation  as  well  as  to  facilitate 
software  development.  Bonneville  searched  for  microprocessor  boards  that  were 
powerful  and  fast  enough  so  that  only  one  processor  would  be  required  for  operating 
all  the  tactile  sensors,  rather  than  using  two  processors  as  proposed.  Besides  making 
the  system  physically  simpler,  a  single  microprocessor  would  also  simplify 
programing. 

We  have  identified  two  vendors  of  a  VME-bus  single  board  computer  using  a  68020 
CPU,  having  4  MBytes  of  dual-ported  RAM,  a  real-time  clock,  a  built-in  parallel 
interface  port,  and  a  PROM-bas^  monitor.  Although  this  computer  would  still 
require  a  custom  interface  board  to  be  compatible  with  our  sensor  electronics,  this 
interface  board  would  be  much  less  complex  than  our  current  interface  board  and 
would  not  use  the  VME  bus.  This  computer  costs  about  $3200.  $2300  of  this  cost 
would  come  from  the  amount  budgeted  for  the  two 
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68000  microprx)cessor  boards.  An  additional  $500  to  $600  would  come  from 
electronic  components  allocated  for  the  two  interface  boards  (leaving  about  $400  for 
components  for  the  new  interface  board).  Manpower  originally  designated  for 
the  construction  of  the  original  two  interface  boards  would  be  reallocated  for  the 
design,  construction,  and  test  of  the  new  interface  board.  The  remaining  $300  for  the 
68020  board  would  come  from  the  manpower  allotted  to  task  4  of  Objective  3 
("circuitry  for  each  68000  processor  to  address  the  right  interface  board")  since  this 
task  would  now  be  eliminated. 

2.  Our  estimate  for  the  software  development  for  the  Bonneville  Scientific  tactile  sensor 
system  using  the  single  68020  microcomputer  board  described  above  is  separated  into 
two  phases. 

Phase  I  of  this  software  development  is  for  operating  the  tactile  sensors, 
communicating  with  the  bus  coupler,  storing  the  raw  time-of-flight  (TOF) 
measurements,  and  calibrating  (offsetting)  the  TOF  values.  For  this  task,  Bonneville 
would  use  a  386-based  personal  computer  communicating  with  the  VME-bus  68G20 
board  with  our  own  Bit  3  bus  coupler.  The  required  manpower  for  this  task  is 
estimated  to  cost  $21,486. 

Phase  n  is  for  the  software  for  1)  providing  calculation  of  force/taxel,  average  force, 
maximum  force,  and  torque  about  the  finger  axis;  2)  receiving  commands  and 
transmitting  data  over  a  single  serial  port;  3)  providing  a  debug  and  system  checkout 
mode;  and  4)  providing  a  history  collection  mode.  Manpower  for  this  task  is 
estimated  to  cost  $12,571. 

Total  manpower  cost  for  the  two  software  development  tasks  is  $34,057. 
Approximately  $8,900  is  available  in  the  contract  for  software  development  that  would 
be  applied  toward  these  two  tasks. 

Bonneville  Scientific  recommends  that  this  single-board  approach  be  used  in  this 
contract.  This  approach  eliminates  interface  board  communications  over  the  bus,  it 
should  be  faster  than  using  the  two  68000  boards  and  has  a  simpler  configuration.  It 
also  simplifies  software  development,  the  dual-ported  RAM  allows  the  software  to  be 
easily  up-dated,  and  a  floating-point  co-processor  may  be  added  later. 
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APPENDIX  2 

Tactile  Sensor  Test  Data 
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NOMENCLATURE 


DIGIT  NUMBER 

DIGIT 

1 

Thumb 

2 

Index  Finger 

3 

Middle  Finger 

4 

Ring  Finger 

P  =  Proximal  Digit  Segment 
M  =  Medial  Digit  Segment 
D  =  Distal  or  Finger-Tip  Segment 
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TEST  RESULTS  FOR 


DIGITS  1,  3  &  4 


Echo  Noise 
Ampi.  Ampl 
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"TP-lFU  Sensor  No. 
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CHARACTERISTICS  LOG 


Sensor  No. 


Notes 


Element  Echo 
No.  Ampi. 
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Ampi. 


Element 

No. 


Echo 

Ampl. 


Noise 

Aitipi 


Notes 


Sensor  No. 


Element  Echo  Noise 

No.  Anmi.  Ampi.  Notes 


Sensor  No. 


CHARACTERISTICS  LOG 


Sensor  No. 


Sensor  No. 


ilement  Echo 
No.  AmpK 


Noise 


Element  Echo  Noise 
No.  Ampl.  Ampl 


Notes 


Sensor  No. 


Echo 


Noise 


Element  Echo  Noise 


CHARACTERISTICS  LOG 


Sensor  No. 


Notes 


Element  Echo  Noise 
No.  Ampi.  Ampi. 


Sensor  No. 


Sensor  No. 


Sensor  No 


Sensor  No. 


Element  jEcho  Noise 

No.  Ampi.  Axnpi. 


Notes 
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CHARACTERISTICS  LOG 
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TEST  RESULTS  FOR 


DIGIT  2 


<2^ 


6  VT  V 
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1  1  R 
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Sensor  No. 
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Sensor  No. 


Element  Echo  Noise 
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Sensor  No. 


Sensor  No. 
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Sensor  No. 


ECHO  TYPES  - 


Type  A  -  Echo  looks  like  large  noise  -  destructive  interference  from  X-talk(?)  or 
possible  rubber  effects.  By  manipulating  rubber,  the  echo  could  be 
made  to  look  "normal”  with  enough  size  to  be  detectable. 

Type  B  -  Normal  echo  -  usually  W  shaped  -  stands  above  noise  by  considerable 
margin,  with  large  downward  leading  edge  -  clean,  no  interference. 

Type  C  -  Fairly  normal  echo,  but  with  evidence  of  interference  -  jagged  edges,  etc. 

Type  D  -  Chronically  low  -  pushing  and  squeezing  won't  bring  echo  close  to 

normal  (shorting  and  poor  ground,  some  rubber  effects?) 
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Type  A  -  Due  to  X-talk  or  rubber  effects? 


Generally,  if  an  echo  was  <  1.0  volt  I  would  guess  it  would  not  work  -  not 
enough  edge  to  detect  above  noise. 

Many  elements  had  high  frequency  noise  starting  after  echo. 

Circled  elements  were  unusually  noisy  around  2  -  3  |xs  (mostly  w  +  Dir). 

I  noted  a  great  deal  of  variety  (between  4  and  6  jis)  in  where  the  echo  occurred  even 
between  adjacent  elements. 

When  an  echo  was  made  to  move,  there  was  always  a  "residual"  unmoving  echo  -  X-talk  - 
probably  not  a  problem. 

Phantom  echo  -  attenuated  almost  instantly  upon  contact;  maintained  approx,  same 
size  through  several  cycles  -  actually  increased  in  size  on  second  echo. 

Corners  seem  to  be  particularly  subject  to  strange  rubber  effects. 

Medial  array  seems  to  have  much  less  "interference"  than  proximal  array  -  baseline 
is  cleaner  and  flatter.  Medial  array  showed  at  least  some  sign  of  residual  echo  in 
almost  every  element,  but  usually  noise  level. 

Medial  array  -  "D"  type  elements  possibly  due  to  shorting  -  found  some  intermittent 
elements. 
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10)  Found  that  many  of  the  elements  with  large  echos  (>  l.OV)  had  some  sort  of  strange 
"jitter"  in  the  noise  unless  there  was  a  discernible  "residual"  denoted  by  a  blue 
mark. 
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APPENDIX  3 

Electronics  Documentation 
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Air  Force  Hand  Project 
68230  Port  Allocation 


PAn;  PBn  Denotes  Port  A  Position  n;  Same  for  Port  B. 
Data  Bits  correspond  to  TOF_OUT 
Address  Bits  correspond  to  230_OUT 


Port  Designation:  PA7  PA6  PAS  PA4  PA3  PA2  PA1  PAO  PB7  PB6  PBS  PB4  PB3  PB2  PB1  PBO 

Address  Bits:  X  X  X  X  All  A10  A9  A8  A7  AS  AS  A4  A3  A2  A1  AO 

Data  Bits:  X  X  A  D  D11  D10  D9  DS  D7  D6  D5  D4  D3  D2  D1  DO 

Note:  TOF_OUT  is  connected  (via  bus|  to  230JN=  Port  is  bidirectional.  For  part  of  the  cycle  it  is 

an  output  -  providing,  address  data  to  sensor.  For  the  other  part,  it  is  an  input  port  -  having 
TOF  data  suppiied  to' it.  The  handshake  lines  dynamically  configure  the  port  for  either 
Input  or  output. 
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ENG.  •  Ahmad  attaie  REV.  2  I  FILENAME  BH2.DBF 


C<Han(C;aible 


MODEL  VM=;53?'?b(}0 
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22-141  50  SHEETS 

22-142  100  SHEETS 

22-144  200  SHEETS 


Vcc,  Vee=  +/-  i2V 

Ul  -l>ual  current  feedback  0| 
eg.  ihi6\n 
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Appendixes  4,  5,  and  6  are  contained 
in  AL/CF-SR-1995-0006. 
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APPENDIX  7 


Statement  of  Work 
for 

Modified  Contract 
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APPENDIX  2 


AMENDMENT  OF  SOLICITATION/MODIFICATION  OF  CONTRACT 


•  AGE  or  ^ 


2.  F«OC  INSTKUMCNT  id  MO.  (PtIMI  3.  SPUN 


F4 1624-9 l-C-6001 


P00004 


r.  CrrtCTiVC  DATE  n  «EOUISITION/PU«CH»SE  PEOOEST 
PPOJECT  MO. 

28  JAN  1992  FY8990-92-00030 


/  ,  (  J  JU  i-w  e  1 

FQ2826 

DEPARTMENT  OF  THE  AIR  FORCE 
AIR  FORCE  SYSTEMS  COMMAND 
HUMAN  SYSTEMS  DIVISION/PK 
BROOKS  AFB  TX  78235-5320 
BUYER:  MAJ  LESLIE  BALL,  HSD/PKR 
(512)  536-9343 


9.  CONTRACTOR 

NAMC  AMO  AOORCS3 


48264 


BONNEVILLE  SCIENTIFIC,  INC 
918  EAST  900  SOUTH 
SALT  LAKE  CITY  UT  84105 
(801)  359-0402 


6.  AOM1MJ5TCREO  BY  (IF  OTHER  THAN  euOCK  7) 

DCMAO  DENVER 

ORCHARD  PLACE2,  SUITE  200 
5975  GREENWOOD  PLAZA  BI.VD 
ENGLEWOOD  CO  80111-4715 
PHONE:  (303)  762-7323 


BDC/0M5  RATIMC 


S0602A 


FACILITY  CODE 


fr  ••9"  FOR 
MULT!PL£ 
FACJLITJE5 
SEE  SECT  **K*’ 


MO.  security  CLA5 


II.  DISCOUNT  FOR  PROMPT  PAYMENT 


OTHER 

IF 

’9* 

SEE 

SECT 


2.  purchase  office  point  of  contact 


13.  THIS  BLOCK  applies  ONLY  TO  AMENDMENTS  OF  SOLICITATIONS 

ft  It  f»YtN  in  U«ck  1  7 , 


MRF/MOR/MRF 


TW  kmm  Aa*»  ip«crl 


■  r«c*9t  OH»t\ 


I  ©Wwt  HMt  •!  HNt  ffimr  H  Yh«  km  i»*cNiosJ  «  tMkmtm.  tf  at  Nf  «••  •«  fW 

I  ^  (kl  tv  wi  NNt  an  aarti  ca*T  aHar  wNnMftad-  ar  Ic)  ty  MWfVta  faftar  ar  tatavfVM  wkitk  a  raAaMMK# 

I  S  mi  ~  - ^  FAILURE  Of  TOUR  AC KNOWl FORINT  tfClIVfD  AT  THE  ISSUIM6  OF»KE  HlO«  TO  THf  HOUR  AMO  OATF  VfCITNO  AMT  RESOIT  IN  IIUCTION  Of  TOWR  OfFW  il  Nf 

Ma  af  TMt  mmmmrnmmmf  yaa  Aaura  ta  an  aHar  akaMy  taa^ima.  «aca  zmm^  mmy  fca  mm#  »t  taMffam  ar  taftar  Mk  tafafraa.  ar  *aftar  »a.a*t  ralaraaca  ta  m«  tstmtmtmm  mm*  mt  mm  h 

facafaaiA  fftar  ta  rka  km  aaa  Aata  tpaaNma 


U.  THIS  BLOCK  APPLIES  OMLT  TO  MODIFICATIONS  OF  CONTRACTS 

D  this  chance  is  issued  PURSUANT  TO  _ _ _ _ _  ■ 

THE  chances  set  forth  HEREIN  ARC  MADE  TO  THE  ABOVE  NUMBERED  CON  TRACT /ORDE  R. 

D  the  above  NUMBERED  CONTRACT  IS  MODIFIED  TO  REFLECT  THE  ADMINISTRATIVE  CHANCES  (SUCH  AS  CHANGES  'H  PAVING  OFFICE,  A  PPROPRl  AT  ION 
DATA.  ETC.)  SET  FORTH  HEREIN. 

P.  CHANGES  CLAUSE,  SECTION  I  OF  THE  C0NTR\C‘ 

I  SUPPLEMENTAL  ACREEMCNT  IS  ENTERED  INTO  PURSUANT  TO  AUTHORITY  OF  - - - - - - — 

I  IT  modifies  the  ABOVE  NUMBERED  CONTRACT  AS  SET  FORTH  HEREIN. 


U  THIS  MOOIFICATIOM  IS  ISSUED  PURSUANT  TO 


contract  aoministration  data 


KIMO  B.  MOO  ASPT  5.,  OATC  OF  •(•MATUNC  q.  CMAtdCC  tN  COMTAACT  AMOUNT 

’or  MOO  kcrta»CMT  Aoa  '  MootrtCATtoN  *  iHcatAtt  z  +  j  occaiasi  f-) 


LOSING  AO/CAO  r  .  &***««N6  ro/CAO  G.  SrC/ACtnCT 

OH  TAANsrra  ON  THANsrca  uac 


i€.  Enter  any  applicable  changes 


PAY  trrccTtvr  oati 

CODE  or  AWARD 


c,  contract 


niTYPC  (2)KINO 


TTPC  t^SURV  ^  IPL  CONTR  5  AAT1MC  OFC  H.  OATt  31GNCP 

‘CONTR  *CR«T  *  AROVtaiONS  COOt 


mCLAS  121  DAYC  or  00  254 


177  REMARKS  (Exempt  mm  provfdkd  herein,  mil  Item*  mnd  candittons  ot  (he  contrmet.  at  h^retofor^  changed,  rrmam  uncnanfi«d  and  in  fuU  /ore©  mnd 
eUact.) 

SUBJECT:  REVISION  TO  STATEMENT  OF  WORK,  NO  COST 

LABORATORY :  AL / CFBA 

PROJECT  ENGINEER:  CHRISTOPHER  J.  HASSER,  2ND  LT,  USAF ,  PHONE  (513)  255-3671 
PAYING  OFFICE:  DCMR  ST  LOUIS,  1222  SPRUCE  ST.,  ST  LOUIS  MO  63103-2812 
_ (314)  331-5218  _ _ _ _ _ _ _ 

IB7  arn..i«an  C  ON  TR  A  C  TOR  /  OF  F  E  ROR  IS  REQUIRED  TO  SIGN  THIS  DOCUMENT  AND  RETURN 


CON  TRACTOR /OFFEROR  IS  NOT  REOUIRCO 
n  TO  SIGN  THIS  DOCUMENT 


COPIES  TO  ISSUING  OFFICE 


207MAM£A#LOnTLE  OF  SIGNER  (Tyffa  or  prtrM) 

iy'-  A 


21.  DATE  signed  23.  NAME  O^COH  T  RAC  T  ll^  6F  F I CE  R  1  /  Kpe  or  prtnt )  2*.  DATE  SIGNED 

f/.  (.'I  y  y  PHYLLIS  J.  MORSE _ _  | 


Apse  702  PREVIOUS  EDITION  WIUI-  BE  USED. 

AUG  84 


F41 624-91 -C-6001/P00004 
Page  2  of  4 

1.  This  niodifl cation  Is  Issued  to  reflect  no-cost  changes  to  Section  C, 
Description/Specifications  dated  9  December  1991  as  shown  on  pages  3  -  4  of 
this  modification. 

2.  The  contractor  does  hereby  agree  to  attached  changes  with  no  increase  to 
the  cost  or  fixed  fee  and  without  a  requirement  for  a  time  extension  to 
complete  contract  requirements. 

3.  This  Supplemental  Agreement  constitutes  a  full  settlement  of  any  claims  of 
the  contractor  under  the  contract,  Including  the  clause  entitled  "Changes", 
arising  out  of  or  In  connection  with  the  changes  effected  hereby. 
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BONNEVILLE  SCIENTIFIC  PHASE  II  SBIR  CONTRACT  NO.  F41624-91-C-60C1 

REVISION  OF  CONTRACT  SECTION  C 
9  December  1991 


1.  (unchanged) 

2.  The  contractor  shall  deliver  a  turnkey  Tactile  Sensing  System 
which  shall  have  the  following  performance  parameters  and 
capabilities: 

a.  At  least  a  40  MHz  processor  to  allow  for  high  performance 
operations. 

b.  A  RISC”based  architecture. 

c.  Capable  of  rapid  processing  of  large  amounts  of  data, 
images  and  multiple  concurrent  applications,  performing  at  least 

MFLOPS  of  double-precision  power,  and  processing  at  greater 
than  28  MIPS. 

d.  At  least  MB  of  internal  RAM  and  200  MB  of  internal 
disk  storage  capacity. 

e.  External  mass  storage  capability  with  at  least  a  1.3  G3 
SCSI  drive  and  a  2.3  GB  tape  backup,  and  be  able  to  access  5.25" 
CD-ROM  disks. 

f.  UNIX-based  operating  system. 

g.  A  color  monitor,  preferably  with  a  16’’  screen. 

h.  A  32”bit  System  Bus  with  at  least  two  slots  to  allow  for 
a  high  bandwidth  of  input/output  to  transfer  large  amounts  of 
data  via  a  VME  chassis  through  a  32-bit  shared-memory  window. 

i.  Ethernet  ports  to  allow  for  future  integration  with 
existing  VAX  computer  systems  and  RS-432  serial 'ports  for 
integration  with  printers,  modems,  and  other  serial  devices. 

j.  SCSI  ports  to  allow  access  to  CD-ROM  drives,  hard  disks, 
tape  devices,  and  other  I/O  peripherals. 

k.  An  internal  3.5"  DOS-compatible  floppy  disk  drive. 

l.  A  cross  compiler  and  target-level  debugger,  selected  by 
BSI.  costing  less  than  $9,900,  and  deliverablewith  the  final 
system. 


m.  A  GNU  C  software  package  for  the  SUN  SPARCstation , 
obtained  at  no  cost  to  the  Air  Force. 

n.  Mjility  to  acquire  raw  time-of -flight  (TOF)  data  and 
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calculate  calibrated  TOF  data. 


o.  Storage  of  raw  TOF  data,  calibrated  TOF  data,  and 
calibration  offsets  in  either  the  SUN  SPARCstation  memory  or  the 
68020  memory.  The  contractor  will  decide  which  memory  to  store 
the  data  in  and  will  provide  to  the  Air  Force  detailed 
descriptions  of  where  in  memory  the  data  will  be  located  and  the 
storage  configuration  used  for  the  data  ( i. e. ,  data  format) . 


p.  A  debug  and  system  checkout  mode.  This  mode  would 
include  any  diagnostic  routines  that  BSI  develops  as  a  part  of 
its  system  test  planT 

3.  In  addition^  the  contractor  will: 


a.  Provide  CAD  drawings  sufficient  for  the  Air  Force  to 
calculate  taxel  areas. 

b.  Give  any  inforroation  obtained  about  the  spring  constants 
of  the  elastomer. 


c.  Provide  all  information  on  the  hysteresis  and  other 
nonlinearities  of  the  elastomer  that  the  contractor  has  ob’^ined 
through  development  and  testing  done  in  the  course  of  this 
contract? 

d.  Purchase  e  maintenance  contract  for  the  SUN  SPARCstation, 
as  a  direct  charge,  for  only  that  time  period  when  the  SUN' 
SPARCstation  is  in  the  contractor's  possession.  (This  modifies 
the  original  proposal  to  purchase  the  maintenance  contract  for 
two  years . ) 

4.  Technical  Objective  3  of  the  proposal  changed  to  reflect 
usage  of  a  single  66620  board  and  a  SUN  SPARCstation  with 
specifications  as  outlined  in  Item  2,  above. 


F41624-91-C-6001  Contract  Modification  Page  2 
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Extension  Proposal  for  Air  Force  Conrract  No.  F41624-91-C:-6001 
Title:  Anthropomorphic  Curaneous  Tactile  Sensing  on  Dexterous 

Mechanical  Hands 

Proposer:  Bonneville  Scientific,  Inc. 

918  East  900  South 
Salt  LAke  City,  UT  84105 

SUMMARY 

This  is  a  proposal  for  the  extension  of  Air  Force  Contract  No. 
F41624-91-C-6boi ,  entitled  "Anthropomorphic  Cutaneous  Tactile 
Sensincr  on  Dexterous  Mechanical  Hands"  .  The  contract  goal  was 
to  research,  develop,  fabricate,  install  and  test  ultrasonically— 
based  tactile  sensors  on  one  of  the  Air  Force's  Utah/MIT  Dextrous 
Hands.  Several  problems  needed  to  be  overcome  for  this  to  be 
done.  Many  of  those  were  solved,  and  the  hand  was  sensorized. 

The  overall  system  did  not  work.  Preliminary  tests  done  by 
Bonneville  on  one  tactile  sensor  array  and  the  electronics 
indicated  that  there  were  problems  in  both  the  electronics  and 
the  sensors.  Two—percant  of  the  3200  sensor  elements  were 
tested,  some  worked,  some  did  not.  Because  time  and  finances  did 
not  allow  a  complete  analysis  of  the  sensor  system,  the 
possibility  of  unknown  problems  in  all  parts  of  the  system  also 
exists.  This  proposal  outlines  the  merhod  which  Bonneville 
Scientific  proposes  to  follow  in  oroer  to  find  out  the  extant  and 
nature  of  the  problems  and,  if  practical,  solve  them. 

In  Part  I  of  this  extension,  an  in-depth  analysis  of  the  sensors 
which  are  on  the  hand  will  be  conducted.  This  will  allow 
Bonneville  to  determine  the  extent  of  the  problems,  find 
additional  problems  if  there  are  any,  and  make  a  decision  on  the 
appropriate  method  to  correct  the  problems.  The  decision  at  the 
end  of  Part  I  of  the  extension  will  dereimaine  what  approach  will 
be  taken  in  Parx  II. 

In  Part  II,  our  findings  will  be  presented  to  the  Air  Force 
technical  personnel  and  a  decision  will  be  made  on  which 
combination  of  possible  solutions  will  be  pursued-  If  the 
probability  of  failure  is  too  high,  it  may  be  decided  that  the 
extension  should  be  terminated. 

Once  a  plan  has  been  established,  Bonneville  will  conduct 
preliminary  experiments  to  determine  the  feasibility  of  key 
elements  in  the  plan.  If  success  appears  likely,  Bonneville  will 
proceed  to  sensorize  as  many  of  the  hand's  digits  as  time  and 
funding  allows. 

Part  II  will  also  involve  additional  work.  Bonneville  must  make 
changes  to  the  electronics,  debug  the  overall  sensor  system  and 
write  additional  software  to  allow  the  display  of  the  tactile 
data  in  a  sensor-by-sensor  format.  The  sensors  and  electronics 
must  also  be  tested  with  rubber  sheets  instead  of  cast  rubber 
coverings . 
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STATEMENT  OF  WORK 


Part  I 

1.  The  first  task  Bonneville  will  undertake  is  to  modify 
an  existing  test  fixture  to  allow  efficient  evaluation  of* 
the  performance  of  the  existing  sensors.  This  system  uses  a 
personal  computer  to  conveniently  scan  a  sensor  array  and 
display  the  tactile  data  in  an  image  format  or  repetitively 
operate  a  single  element.  With  this  modified  test  fixture, 
each  array  can  be  tasted  in  a  repeatable  and  convenient 
manner.  Test  fixture  modifications  will  eliminate  the 
serious  noise  problems  now  encountered  in  using  the  current 
test  fixture  and  reduce  the  time  that  it  currently  takes  to 
test  the  sensors. 

2.  The  second  task  will  be  to  test  all  of  the  arrays.  It 
is  necessary  to  determine  the  niimber  of  elements  working.  To 
date,  only  about  two  percent  of  the  elements  have  been 
tested.  It  is  unknown  if  the  current  data  are 
representative  of  the  rest  of  the  sensor  arrays. 

Using  the  test  fixture,  an  array  will  first  be  scanned  to 
quickly  determine  which  elements  work  well,  then  the 
remaining  elements  will  be  tested,  element -by-element,  using 
an  oscilloscope  in  order  to  ascertain  element  status,  echo 
strength,  noise  level,  and  the  effects  that  manipulating  the 
rubber  has  on  the  signal  strength.  Analysis  of  these  test 
results  should  uncover  patterns  in  the  problems,  which  may 
lead  to  better  solutions.  It  will  also  show  whether  any 
additional  quirks  or  malfunctions  exist  in  the  sensors. 

3.  In  this  task,  one  of  the  arrays  will  be  removed  and  an 
in-depth  autopsy  will  be  performed  on  it.  The  major  goal 
will  be  to  find  out  why  there  appear  to  be  elements  which 
chronically  have  small  signals.  The  answer  to  this  will 
have  an  impact  on  the  choices  made  in  Part  II.  Verification 
of  the  location  and  character  of  indicated  breaks  in  t.he 
connections  will  also  be  done  at  this  time. 

Part  II 


1.  In  Part  II  of  the  extension,  Bonneville  will  analyze 
the  information  gathered  in  Part  I,  and  discuss  the  findings 
with  the  Air  Force  technical  personnel.  The  direction  taken 
in  Part  II  will  be  entirely  dependent  on  the  findings  of 
Part  I.  The  following  is  a  list  of  the  options  which  from 
which  the  choices  will  be  made. 

a.  Decision  not  to  proceed.  The  first  option  may  be 
to  decide  that  the  probability  of  success  is  not  high 
enough  to  proceed.  This  decision  would  be  reached  if 
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significant  problems  are  found  for  which  no  practical 
solution  could  be  conceived,  or  if  so  many  problems 
we^e  found  that,  even  if  all  or  them  were  solvable,  it 
would  be  improbable  that  the  remaining  time  or  money 
would  be  sufficient. 

h  M?.ke  new  PVDF  lavers  for  the  arrays,.  If  no 
additional  problems  than  those  currently  known  are 
encountered,  and  the  remaining  sensors  are  in  a 
condition  comparable  to  the  one  wnich  has 
partially  tested,  new  PVDF  layers  could  be  made  for  the 
SSSors  and  the  Existing  cables  used.  The  sensor 
design  would  most  likely  be  modified  to  eliminate  two 
rows  so  that  more  robust  connections _could  be  maae  by 
using  copner-coated  Kapton  insteaa  or  and  thus 

eliminate  the  folding  of  the  PVDF  to  make  these 
connections.  This  would  effectively  eliminate  the  areas 
where  most  of  the  cracking  is  known  to  occur. 

c.  rninnlete  senc^.nr  redesign  including  new  cables  ajid 
new  PVDF.  If  the  problems  in  the  sensor  are  more 
extensive  than  now  known,  a  new  design  could  be 
necessary  to  eliminate  problems  in  the  arrays.  In  tnis 
cSS;?  a  new  design  for  tne  arrays  will  ''' 

will  leave  gaps  in  the  se.nscrizea  _  areas  to  _^acil_tats 
connections  to  the  sensor  ana  minimize  foiaing.  The 
«ans  in  the  arrays  would  be  placed  in  areas  or  the 
fJme^  wSlh  are  deemed  less  critical  to  the  Air  Force 
experiments.  This  method  is  likely  toreauce  tne 
number  of  arrays  which  could  be  made  wit.n  the  time  ana 

funds  left. 


2  After  an  option  is  decided  upon,  preliminary, 

scale  experiments  and  tests  will  be  performed  to  assess  the 

method  chosen. 

3.  Based  on  the  preliminary  work  above,  one  full  scale 

array  will  be  made,  installed  and  tasted.  If  rhat  is 

successful,  sensorization  of  the  rest  or  the  hand  will 
continue  in  tandem  with  the  work  in  task  4  below. 

However,  it  must  be  understood  that,  depenaing  on  the 
problems  which  are  encountered  and  tne  time  it  takes  to 
Live  them,  the  number  of  arrays  proauced  will  be  affected. 

The  goal  will  be  to  sensorize  the  hand  based  on  the  option 
chosen,  with  the  following  priority: 

a.  The  distal  segment  on  the  index  finger 

b'.  The  distal  segment  on  the  thumb 

c.  The  medial  segments  of  the  index  finger  and  thumb 

d.  The  distal  and  medial  segments  of  the  third 
finger. 
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e.  The  proximal  segments  of  the  above  three  digits. 

f.  All  four  digits 

The  number  of  arrays  constructed  will  be  entirely  dependent 
on  how  much  time  and  money  remain.  The  decision  will  be 
made  in  conference  with  the  Air  Force,  and  the  sensors  they 
believe  to  be  most  needed  will  be  fabricated  and  installed 
first. 

4 .  In  addition  to  making  the  sensors ,  several  other  tasks 
must  be  done-  They  include  the  following. 

a.  Eliminating  noise  sources  in  the  electronics. 

Work  needs  to  be  done  to  reduce  the  noise  level  in  the 
electronics . 

b.  Debug  electronics,  modify  excitation  circuitry. 

One  of  the  problems  encountered  was  a  deficiency  in  the 
excitation  circuitry  which  will  require  some 
straightforward  engineering  work  to  resolve.  A  final 
debug  of  the  electronics  while  they  are  attached  to  the 
sensors  still  needs  to  be  completed. 

c.  Fabricate,  install  and  test  thinner  rubber  pads.  A 
method  to  apply  thinner  rubber  pads  for  the  sensor 
needs  to  be  investigated.  These  will  need  to  be 
fabricated  in  sheets  and  glued  onto  the  sensor.  Some 
testing  will  be  necessary  for  this  to  be  done. 

d.  Computer  software/hardware  integration.  The 
software  and  the  hardware  were  debugged  as  much  as 
possible  prior  to  system  assembly.  However,  a  system 
debug  has  not  been  conducted.  This  is  an  important 
process  which  needs  to  be  completed. 

a.  Create  software  for  display.  It  is  necessary  to 
create  software  which  will  take  the  tactile  information 
and  display  it  as  numbers  on  a  computer  screen.  These 
numbers  need  to  be  segregated  by  array  and  spatially 
correspond  to  the  array  elements.  It  has  become 
obvious  that  the  Air  Force  will  have  considerable 
difficulty  determining  the  operational  quality  of  the 
sensor  without  this  software. 

f.  Complete  system  burn-in  and  final  debug.  In  order 
to  ensure  proper  system  operation,  the  system  must  be 
burned-in  and  subjected  to  stress  tests.  These  tests 
will  be  designed  to  "break"  the  system.  If  the  system 
does  not  pass  these  tests ,  more  debugging  may  be 
performed  if  time  and  funds  permit.  Stress  tests  will 
be  conducted  in  such  a  way  as  to  find  the  physical 
limitations  of  the  system  on  the  least  important  array 
on  the  hand. 
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APPENDIX  9 


Rubber  Characteristics 
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APPENDIX  10 
Sensor  Cable  Wiring 
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